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An IndIrect Estimation of AutomotIve Demister Performance 
ABSTRACT 
Motor vehicle users expect greater comfort and refinement in vehicle performance. Demisting systems 
are often considered to produce uncomfortable air flows and noisy operation. To prevent the user 
simply switching off the system and compromising occupant safety, manufacturers are investing more 
in demisting and climate control to improve detailed performance, whilst maintaimng comfort and 
refinement. An indirect performance estimation would be extremely desirable, usmg less climatiC test 
facility time and allowing prediction of end performance for a range of conditions 
An experimental investigation has been carried out to reproduce glass mlstmg in a purpose built 
environmental facility, at conditions representative of typical car markets. Mist intensity and demisting 
position were measured on a sample of flat windscreen glass usmg a grey scale imaging technique. 
Tests have been conducted on many different demist jet geometries. 
The impinging flow has been measured using a single normal hot-wire to resolve the skm frictIOn along 
the glass surface. The hot-wire was calibrated using a pendulum technique through a velocity range of 
0.1 to 4.2 m/s The pendulum is shown to produce repeatable calIbration and allow accurate 
measurements throughout the boundary layer flow and into the viscous sub-layer very close to the 
glass surface. 
By combining the experimental results, effort is directed to produce an indirect performance estimate 
and yield a greater understandmg of the impinging jet flows. The Simplest prediction relating the 
maximum velocity of the jet flow to the outlet velocity and combining with surface temperature 
measurements, IS shown to produce the closest estimate of demist performance. Transferring this 
method to an in-vehicle test would require simplification, but further work in the field Will Improve 
the prediction. 
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NOMENCLATURE 
a numerical constant 
A percentage area of the glass, intercept in King's Law 
b numerical constant 
B coefficient to King's Law for hot-wires, intercept term in Coles' law ofthe wake 
, 
cr coefficient of skin friction 
e 
E 
F 
Gr 
h 
H 
H 
k 
L 
specific heat 
coefficient of velocity in the extended King's Law expression 
glass thickness 
jet width 
fluctuating voltage 
hot-wIre voltage 
kurtosis 
GrashofNo. 
heat transfer coefficient 
offset 
shape factor 
thermal conductivity 
Prandtl's mixing length 
jet length 
n velocity index in King's Law 
N no. of samples 
Nu Nusselt No. 
p 
q 
Q 
r 
pressure 
heat flux 
vo lume flow rate 
radIUs 
Re Reynolds' No. 
S skewness 
t 
T 
T 
u 
• u 
time 
time period 
temperature 
instantaneous velocity (x-component) 
friction velocity 
u+ non-dimensionahsed local velocity 
u 
v 
w 
w 
W 
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mean velocity 
instantaneous velocity (y-component) 
instantaneous velocity (z-component) 
Coles' wake function 
absolute humidity 
streamwlse surface parallel axis 
m 
mm 
v 
V 
mm 
W/mK 
mm 
m 
s 
s 
K 
m/s 
m/s 
m1s 
m1s 
m/s 
kg/kg 
mm 
be 
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y lateral surface nonnal axis 
y+ non-dlmensionalised nonnal wall distance 
z 
a 
£ 
v 
El 
El 
P 
lateral surface parallel axis 
impingement angle 
intercept for the logarithmic law of the wall 
boundary layer thickness 
displacement thickness 
increment in 
emissivity, error value 
mixing parameter 
relative humidity 
Von Kannan constant 
viscosity 
kinematic viscosity 
angular position 
momentum thickness 
density 
Stefan- Boltzmann constant of radiation 
1: shear stress 
indices and subscripts 
mean value 
fluctuating component (= instantaneous - mean) 
a air, anemometer 
att attachment 
b hot-wire bridge cirCUit 
c calculated, correction, convection 
d demist 
e exterior 
f fluid flow 
interior 
m maximum, measured 
o outlet, wall 
p potentiometer 
r radiation 
rh relative humidity 
s surface, saturation 
u velocity 
x streamwise axis 
El angular position 
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mm 
mm 
o 
mm 
mm 
% 
kg/ms 
m2/s 
rad 
mm 
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1. INTRODUCTION 
1.1 OVERVIEW 
Road vehicles are used throughout the World and are subject to a wide range of climatic condItions. 
Combined wIth the small mterior volume and large glass area, the passenger cabm encloses an extreme 
micro-climate, where the temperature and humIdity can vary vastly both in tIme and space (Grossmann 
1996). There are specIfic thermal and psychrometric conditions that when combined, lead to 
condensatIon of airborne moisture on the lOner glazmg surface of the passenger cabin. The opacity of 
this surface mist inhibits the occupants' view and compromises safety. Therefore, a system is required 
to alleviate this visual hindrance and Its performance is regulated under vehicle type approval 
guidelines. The system is called a demister or defogger and such a system must clear speCIfied areas 
ofthe windshield in specified tIme limits, under a set condition (DIrective 78/317IEEC 1977). 
The type approval regulation ensures that every car is equipped WIth a demisting system that can 
provide standard performance for a given thermal condition. However, whether the system is used 
correctly in service, is another problem. The system may satisfY regulations very easily, by demisting 
the required areas of glass in a fast time - but may also be uncomfortable to the passengers, inducing 
cold draughts and creating a lot of noise. Therefore in practIce, the consumer may not use the demlstmg 
system at all, compromIsing safety and gaining the opinion that the demisting system is somehow 
substandard. As a result, manufacturers are spending greater amounts of time and money on examining 
the detail in the performance of the demIsting system, to YIeld regulation performance for the best 
passenger comfort. ThIs requires active experimentatIon on full-size retail and prototype vehicles. 
With the cost offull-size climatic test chambers runnmg mto many millions of pounds, an alternative 
method of assessing demister performance using either isothermal or fewer clImatic tests, would be 
extremely useful to the manufacturer. 
1.1.1 PHYSICAL PROCESS 
Airborne water vapour condenses on a solid surface when the surface temperature falls below the dew 
point of the air, where the dew point is the air temperature at which saturation occurs (Peters 1972). If 
the surface temperature equals the local air dew point, the air can be thought to be on the pomt of 
mlstmg the glass surface. This is conSIdered to be the limiting case for demisting and is a useful 
descriptor to use m the estimation of performance. 
Automotive demIsters alleviate the problem by altering the local dew point and / or surface 
temperature. Air based demisting systems usually rely on a combination of both, by driving the air 
close to the glass and injecting warmer drier air into the cabin. Electrically heated glass simply raises 
the glass surface temperature. Electric demisters are most common in the rear-facing glass of vehicles, 
where the large sintered conductors demIst glass in an area of the cabin not usually eqUIpped WIth 
ventilation ductmg and outlets. Electrically heated wmdshields use very fine WIres embedded m the 
polybutyl layer between the layers of glass forming the laminate This method causes little visual 
distortion as shown by Southall and Burnand (1990), with only slight star-shape blurring of headlights 
at night. However, the added cost and power drain on already tight electrical resources, usually limits 
this type of electrically heated glass to the retaIl optional extras of vehicles. The vehicle package 
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already contains a cheap source to demist glass in the vehicle heating and ventilatIOn system This 
work concentrates on development of a test for an air-based demisting system. 
All road velucles contain ventilation outlets, to provide fresh and heated air for passenger comfort. 
ThiS air is utilised in demisting by directing specific outlets at the windshield and side glass, providing 
clear view forward and at the door mirrors. Figure I illustrates a demister system in action, used to 
defrost the exterior windshield surface. Figure 2 shows a view of typical demister outlets inside a 
vehicle. Figure 3 Illustrates the side glass demister defrosting the glass surface - the outhne shows the 
extent of the defrosted region. 
The performance of the demisting system is dependent on a multitude of factors, many are vehicle 
dependent, leading to specific designs for even slightly different vehicle styles This increases the 
difficulty in implementing a suitable system, not only capable of meeting regulations, but also to 
satisfy consumers who require quieter, more comfortable and more refined vehicles 
1.1.2 CLIMATE CONTROL TESTING 
Vehicle climate testing is both financially expensive and time consuming. A motor vehicle has a large 
thermal inertia, leading to long soak times prior to climate tests, to produce repeatable and 
representative tests. Demist performance is usually measured by outlining the clear demisted portion 
of glass with a marker pen, at set time intervals or steady state thermal conditIOns. This method IS 
fraught With problems in repeatability, causmg experimental nOise that may mask changes made to a 
system to improve performance, leadmg to uncertain results. 
An indirect measurement technique may alleviate most of the problems in current climate control 
testing, by reducing the necessary cold testing on full size vehicles and using flow field or temperature 
measurements to create a virtual performance measure, Without actually mistmg the glass. Many have 
suggested simple indirect methods, from CFD calculations (Aroussi et al. 2000) to applymg wax 
sprays to vehicle windshields (Atkmson and Muchnij 1972). However, none presented so far have 
covered and combined the transfer of momentum, mass and heat, rather implementing one method and 
assuming that it produces a measure of another. However, calculation of mean flow strength and 
direction near the windscreen for example, is only one aspect of demisting, the actual heat transfer at 
the glass and humidity transfer in the jet flow are also influential. 
1.1.3 IMPINGING AIR JETS 
Demister outlets at the base of the windshield direct jets of air at the glass surface, with the aim to 
demist a particular area of the windshield as dictated by regulation. When a jet of driven air exits from 
a plane angled and offset to a wall, the resulting flow field is dependent on the geometry of the jet and 
wall. Since the driven air flow causes a reduction in surroundmg static pressure immediately 
downstream of the outlet, initiating entramment, the jet is curved towards the wall, due to lack of 
pressure recovery through entrainment between the wall and jet flow. This phenomenon is called the 
Coanda effect and has been utilised in a multitude of applicatIOns from high hft devices to f1uidic 
amplifiers and switches. A typical offset and oblique jet flow IS shown in Figure 4. The flow curvature 
sets up a recirculation vortex, trapped between the jet flow, outlet plane and wall. The jet flow attaches 
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to the wall further upstream than that anticipated by simple trigonometry from the geometry of Jet 
outlet and wmdshield. Indeed flow attachment can still be achieved even when the downstream axis of 
the jet and wall surface diverge (Sawyer 1960). 
The attachment posItIon and curvature effect on entrainment has been studIed by many, most notably 
by Bourque and Newman (1960) and Sawyer (1960). Both sets of authors developed theoretIcal 
predictions of the position of flow attachment to the wall adjacent to two-dimensional Jet flows, where 
the transverse flow is confined by end walls in line with the major axis limits of the outlet. Due to a 
Reynolds' No dependency in the attaching jet flow, pressure fluctuations far upstream of the outlet 
will dIsrupt the core velocity and subsequent length of attachment along the glass surface. This has 
been noted in flow visualisation of demister outlet flows, where a streamwlse flutter of the jet flow up 
the windshield is thought to emanate from periodic separation in the heater box of the ventilation 
system (Swales 2000). In some respects, this may actually improve demisting performance, as it 
periodically sheds warm outlet air over a greater windshield area. However, it may also increase 
entrainment making the demister more sensItive to cabm conditions, as well as generate unpleasant 
noise. 
Due to the geometry of the majority of vehicle demisting systems, the jet outlet produces flow across 
the windshield dominated by the recirculation and attachment region. Any downstream transition into 
a wall jet type of flow (Glauert 1956, Bakke 1957), would probably only occur at the very top of the 
windshield and on the head liner. This is shown clearly in the sketch of flow visualization 
measurements made by Sakamoto et al. (1987) in Figure 5. This background on attaching jet flows and 
links to the in-vehicle case, illustrate the interesting fluid mechanics involved with an air-based 
demister system. 
1.1.4 INDIRECT PERFORMANCE ESTIMATION 
This work concentrates on producing an indIrect performance measurement technique, that can be 
used by chmate control engineers to estimate demist system performance, WIthout embarking on 
extensive climate testing on full size vehicles. Flow field measurements close to the glass surface in 
the attaching jet flow emanating from the demIster outlets can be used to estimate the level of heat 
transfer by convection. With this measure, subsequent surface temperature measurements of the glass 
under a non-isothermal condition, can be used to calculate the effective heat loss to entrained flow m 
the mixing of driven jet flow and quiescent surroundings. By analogy, this outer layer mixing of heat 
will indicate the mixing of humidity as well. Assuming a constant humidity layer close to the glass 
surface, the Jet outlet flow temperature, for example, at the point of misting could be calculated to 
represent a hmiting case, where a lower temperature would initiate mistmg, given a certain set of 
thermal and psychrometric conditions across the glass. 
This method of performance estImation requires several measurements, not necessarily under cold 
climate conditions. This leads to an immediate improvement for the climate control engineer, as less 
time is required for temperature soakmg a vehicle for example, but also allows application of a more 
detailed measurement technique, rather than outlining demist patterns on the glass. To denve such a 
test, reqUIres an experimental facility to recreate the mistmg condItions akin to those occurrmg inside 
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a vehicle. Also, an attaching jet flow field is required to provide a test case for the necessary flow field 
measurements and to be representative of the jet geometry occurring in a real vehicle. The test 
technique will require corroboration using actual misting measurements, as well as the indirect 
estimation, to estimate test robustness and suitability to real vehicle testing. 
1.2 EXPERIMENTAL FACILITY 
The investigation used an experimental faclhty that recreates thermal and psychrometnc condlttons 
similar to those occumng in real vehicles The facility used a sample of automotive glass, condittoned 
air supplies to provide comparable conditions to those found in vehicle cabms and employed novel test 
techniques to both derive and check the performance estimation technique. The faclhty featured a fully 
automated mist detection and visualisation system using a monochrome CCD camera and reference 
baCkground, as well as variable demist jet geometry and temperature and humidity control to withm 
o 5K and 1.5%rh respectively The facility was designed always With the real vehicle case in mind, to 
allow easier translation of the test technique to the actual vehicle. A set of commissioning tests were 
carried out on the test section, immediately after construction, to ensure correct operation These are 
reported in Appendix A. 
1.2.1 TEST SECTION 
Figure 6 Illustrates a sketch through the test section of the environmental facihty. The glass IS shown 
in sectton as parallel black lines between the narrow channel of the exterior cirCUIt and the interior 
plenum. The exterior air supply provides a colder medium to cause heat loss through the glass surface 
from the mixing interior and demist air. The exterior circuit air enters through a large plenum chamber, 
accelerates and turns through a contracting elbow and passes across one surface of the glass in a 13:1 
aspect ratio duct. Opposite the glass, one wall of the duct IS made from an insulated light box. After 
passing across the glass, air is dumped into an eXit plenum before recirculating through an air 
conditioning umt and centrifugal fan. 
The demist jet is rigidly mounted in the outlet wall ofthe demist inlet plenum, which can be moved in 
the plane of the figure, to alter the impingement angle and normal distance, or offset, between jet outlet 
and glass surface. One of the vertical side walls of the jet, normal to the figure plane, can be slid to 
alter the width, and hence aspect ratio of the Jet outlet. Immediately prior to the outlet, the jet contracts 
in three dimensions, with the walls formed from a quadrant of an ellipse. The jet is illustrated clearly 
in Figure 7. For the work reported here, the jet outlet shape was 200mm by 10mm, givmg a contraction 
ratio of 28: 1. At the downstream edge of the glass, a slot takes air back mto the demist air cirCUIt for 
recirculatlon through the air conditioning unit and fan. 
The interior plenum prOVides a near quiescent surrounding fluid, representative of the stagnant cabin 
air in a vehicle. Air enters the plenum through inlets m the top and bottom of the test section, expands 
through perforated sheet flow conditioning, turns across the glass and exits to be circulated around a 
closed loop in a similar way to the other two air supplies. The inlets have adjustable baffles, which 
were set dunng commissiomng work to provide equal volumetric flow rate into the plenum. 
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1.2.2 AIR CONDITIONING UNIT AND FANS 
All three air supplies are thennally conditioned using separate air conditioning plenums. The Interior 
and demist air supplies are also humidity controlled. Each air conditioning plenum contains a 
secondary coolant matrix and electric heater bars. The coolant matrIX is fed with a water I glycol 
mixture from Individual water chiller units mounted on a separate frame to the test section. These 
exchange heat with the mixture using R22 refrigerant, that in turn loses heat to an externally supplied 
cooling water. Each chiller contains a tank of secondary coolant to give sufficient thennal inertia to 
provide a steady air temperature. The heater bars are controlled using simple on I off thennostats. In 
both cooling and heating modes, the three an supply temperatures can be controlled to Within 0.5K. 
The interior and demist air conditioning plenums contain steam Injectors, supplied With water vapour 
from humidifier umts mounted alongside the chillers. These are controlled using a similar system to 
the heater bars, with humidity measurement probes in the outlets of each plenum. Table I shows the 
operating ranges of each air supply. 
clrcUlt condItion max min 
exterior T 319 257 
U 22 0 
1----:-----:---1--, 
interior T 3 I 9 276 
Q 0.9 0 
f-----J--
5 
'" 95 ~----~--~-4--~--~ 
demist T 313 276 
f-----j--
U 8 0 
f-----j--
... 95 5 L-~~~~o/~-L __ -L~~ 
TABLE I Test faCIlzty operatmg condItIOns 
Each air supply IS driven by a centrIfugal fan, remotely speed controlled using a serial link from the 
inverter drives to a PC. The whole test facility was insulated using foam board and fibreglass jackets, 
to reduce heat loss and maintain steady operating temperatures. 
The velocities given in the table relate to the bulk flow rate estimated from the approximate system 
loss and fan characteristic. The demist jet velocity is the maximum expected for the 10mm width. 
There is no dehumidification system, apart from slight condensation on the cooling matrix in some 
conditions, therefore humidity can only be raised above laboratory ambient. The temperatures 
correspond to a wide range of ambient conditions that occur in and around real vehicles in the post-
sales environment. Cars are exposed to greater temperatures in desert climates and Interior 
temperatures are known to exceed 50°C for parked cars in the sun (Somers 1992), even in Britain -
however, demisting IS not a problem in both cases 
1.2.3 INSTRUMENT A nON 
The test section is Instrumented With accurate combined temperature and humidity probes, with one 
mounted in each inlet plenum and the test sectIOn to measure the conditIons of each air supply. K-type 
thennocouples are also positioned in the core flow of the exterior Circuit at the upstream edge of the 
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glass, on each surface of the glass and in the interior plenum. These were not cahbrated, but used 
simply to provide an indication of steady state conditIOns during facility operatIOn, as their transient 
response was faster than the other probes. The thermocouples and combined probes were connected to 
a 12-bit data acquisition device. Measurements were converted, displayed and analysed on the PC, 
used also to control the fans. 
Opposite the inner surface of the glass, in the entry door to the test sectIOn / interior plenum, a 
monochrome CCD camera was mounted to view the glass through an electrically heated window 
(Figure 6). This window was powered with a 12V DC supply to maintain a clear view for the camera, 
whatever the thermal condition in the plenum. The glass was similar to that used in heated front 
windshields. The wires were extremely fine and caused no distortion on the Image from the camera. 
The camera was shrouded in a box to eliminate any extraneous reflection on the heated glass. The 
output from the camera was fed to a frame grabber in the PC. Image processing software was used to 
analyse each sampled image and provide information about the demisting performance 
The test glass was backht using a diffusing light box. This was constructed With an air gap in the outer 
wall to insulate the exterior CircUit air and eliminate the risk of condensation, which would disturb the 
hght diffusion. The dlffusmg surface was covered in a chequered pattern using a vmyl poster 
technique, to give a very high contrast reference pattern for the mist recognition software. 
1.3 TEST METHODOLOGY 
1.3.1 DIRECT DEMISTING MEASUREMENTS 
The climate control engineers are primarily concerned With the size and position of the demisting area, 
as this relates directly to the type approval test Also, most measurements are directed towards the 
transient performance of a system, where the test replicates a cold start scenario, therefore including 
the effects of engine and heater warm up. To provide simple comparison of actual and virtual 
performance, this work will concentrate on steady state performance of the demisting system, where 
the demist outlet, cabin and exterior flow rates and temperatures are constant. The resultmg demisting 
shapes will be dependent on the psychrometric condition only. ThiS type oftest IS particularly difficult 
to replicate in a real vehicle, due to problems in obtaining steady and homogenous humidity 
distribution in the cabin However, the link between steady state and transient demisting performance 
is only breached by the transient thermal nature of demist flow, although the cabm interior warms up 
as well. The fluid flow in both cases are identical, assummg buoyancy flows to be negligible, and 
therefore this simplification to the work does not affect the ultimate outcome, where the aim is to prove 
the worth of an indirect performance test. 
Therefore, the experimental facility has been used to produce steady state demisting measurements 
using the CCD camera and digital imagmg software, at a set thermal condition, for a variety of mterior 
(cabin) humidity levels. Usmg the chequered reference background, software was written to extract a 
contrast map of the glass surface. The imaging software used a technique that IS recommended for 
meaSUring the amount and level of water spray generated by a passmg vehicle (SAE Handbook 2000). 
This uses chequered boards positioned alongside the wet track, Viewed using a video camera and 
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telephoto lens (Mousley et al. 1997). The passing vehicle generates water spray that inhibits the camera 
view of the chequer pattern, as shown in Figure 8. 
The software written to recreate this technique used a commerCIally avaIlable set of image processing 
tools, that given a processed image, could calculated all manner of geometrIcal parameters for a 
demisting shape. The software directly replaces the marker pen method and produces real-time 
measurement of percentage of clear glass area and a number of other useful geometric parameters 
(Cole et al. 2000). The measurements were conducted for a wide range of mterior humidity and Jet 
geometry. This serves as background to the geometrical effects on the attaching jet flow. Flow 
measurements and indirect performance estimate were restricted to one particular geometry. 
1.3.2 INDIRECT GENERATION OF DEMISTING PERFORMANCE 
For the purposes of this work, it was assumed that the chmate control engineers would be required to 
use a flow measurement system on the interior of the vehicle and a method of surface temperature 
measurement. Flow measurements were conducted on both the mterior and exterior of the test glass to 
obtain a measure of the thermal convectIOn generated by the forced flow regimes. The effects of 
buoyancy driven free flows were ignored, as the demisting of the regulated regIon of the front 
wmdshield IS dominated by forced flow This also simplifies the problem and eases applicatIOn of the 
measurements. 
132 I SURFACE TEMPERATURE MEASUREMENT 
This work used infra-red thermography to obtain measurement of glass surface temperature. Infra-red 
thermography is often used in a wide range of engineering and science applications (Burch et al. 1993), 
to measure the radiative heat transfer of a surface using infra-red sensitive film or CCDs. Modem infra-
red video cameras use cooled receptors called bolometers. An array of micro-bolometers is used in the 
same way as a visual hght CCD, reacting electronically to changes in incoming thermal radiation 
(FUR Systems Training Manual). Knowing some thermal propertIes of the viewed object, such as the 
emissivity, which is a proportIonal measure of the amount of thermal radiation emitted by a surface, 
the temperature of the object can be measured by calibrating the measured thermal radIatIon. 
Thermal radiation IS transmitted, reflected or emitted Glass has the convenient property of zero 
transmiSSIOn and a very high emissivity, of near 0 97 for certain wavelengths. Therefore, surface 
temperature measurement is relatively simple on a glass surface - although ehmination of all pOSSIble 
reflections is recommended. In the visual spectrum, glass appears extremely reflective, although it can 
appear almost matt m the infra-red spectrum. 
I 3 2 2 COMBINED MEASUREMENTS 
The surface temperature measurements indicate the amount of heat transferred from the impinging 
flow to the glass surface. However, as discussed earher, the flow will lose heat and gain humidity from 
the surrounding quiescent cabin air, which is likely to be cooler and more damp during demisting. The 
heat loss in outer layer mixing will be analogous to the gain in humidity In the driven flow. 
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Figure 9 shows a simple sketch of the velocity, temperature and humidity distribution near the glass 
surface during a steady state condition. The flUid loses momentum, due to frictional forces in the inner 
layer of the wall flow and loses momentum in outer layer turbulent mixing and entrainment This 
produces the classic wall jet profile shown in the left ofthe figure. Heat potential mixes in an analogous 
manner in the inner layer, with a similar temperature profile to velocity, as the warm air driven by the 
impinging jet flow loses heat through convection to the cold glass surface In the outer layer, the 
similarities are not as distinct, but heat is lost to the surrounding cooler cabin air by similar mixing 
Humidity mixes in the outer layer In an analogous manner to heat, producmg a similar outer layer 
profile on the right as in the centre of the figure. However, as the Instance is steady state and on the 
point of misting, there IS no net mass transfer with the glass surface, therefore the inner layer can be 
assumed to be at constant humidity throughout. If the glass was in the process of misting or demisting, 
this inner layer profile would distort to a similar shape as the velOCity and temperature. 
Infra-red surface temperature measurements in a non-isothermal impinging flow, give one point of the 
temperature distribution curve. Velocity measurements in the impinging fluid, allow estimation of the 
actual heat transfer rate and therefore the maximum temperature at the common boundary of Inner and 
outer layers. By measuring the bulk jet temperature and quiescent surrounding air temperature during 
the infra-red measurement, the level of outer layer mixing can also be estimated by relating the two 
measurements to the calculated maximum profile temperature. 
assummg and 
The mixing parameter, r, and measured convection strength can then be used to calculate the demisting 
performance for the given flow under any thermal condition. For a given set of conditIOns, an 
estimation of the level of exterior convection strength and the glass surface temperature can be used to 
calculate the heat flux through the glass surface. Given a measure of the interior convection strength, 
the maximum temperature in the air adjacent to the glass surface can be evaluated from the surface 
temperature and heat flux. This allows calculatIOn of the mixing parameter and the analogous 
calculation of the humidity level at the same point If the air is at saturation, this defines the boundary 
of the virtual demisted area on the glass. Therefore, demisting performance can be estimated without 
actually misting the glass surface. 
1.323 THE REYNOLDS' ANALOGY 
Heat transfer from a driven flow of gas to a solid surface is dominated by convectIOn. Along the centre 
line of an obliquely impinging jet flow, for the flow rates conSidered in thiS Investigation, buoyancy 
driven convection can be neglected. In that case, the velOCity distribution near the heat transferring 
glass will be independent of the temperature field. Reynolds first discovered the relationship between 
skin friction and heat flux at the interface between solid and fluid 
t = Il(du) 
o dy y=o 
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By assuming that the viscosity and diffusivity of the fluid are equal, therefore Prandtl No has a value 
of one, the ratio of the local heat flux and local shear stress will be constant throughout the boundary 
layer and independent of normal distance from the wall. Therefore this yields the following relation, 
which on rearrangement and substitution yields a familiar expression of the local Nusselt No. 
Nu = !e'.Re 
x 2 lOO x 
This expression suggests the boundary layer depths of the velocity and temperature fields are equal. 
From measurement, this is known to differ for real fluids with Prandtl Nos. not equal to I. In air, where 
the Prandtl No. is approximately equal to 0.7, the thermal boundary layer is slightly thicker than the 
velocity boundary layer. Indeed it can be shown empirically that there is a typical dependence on the 
cube root of the Prandtl No. (Schlichting 1955). By makmg measurements very close to a surface, the 
velocity gradient at the wall can be evaluated and allow an estimation of the skin friction coefficient 
in the above equation. Therefore, isothermal flow field measurements could yield a model of the 
thermal convection strength in non-isothermal flows. 
The skin friction measurements have been limited to the centre line of the impingmg flow region, 
where there is greater confidence in the measured mean velocity distribution, due to a lack of lateral 
mean flow. The performance estimation therefore yields a simple chart of the extent of the virtual 
demisted area, or limiting case of the point of misting, for a given set of thermal and psychrometric 
conditions. The estimation has been compared with actual steady state demisting measurements. 
1.4 OBJECfIVES 
The overall nature of this work broadly covers the physical processes involved m demisting glass m 
vehicle interiors, With the specific aim of allowmg the derivation of an mdlrect performance measure 
for a demisting system. Actual demisting measurements are first used to provide both a test case and 
indication of the effects of jet geometry on the end performance To achieve this: 
• a suitable quantitative technique is required to measure the extent and position of 
demisting across the test glass surface, 
• a variety of impingement angles, offsets and flow rates are needed, 
• steady state demisting conditions are required to replicate a performance test, 
• infra-red temperature measurements are needed to measure jet flow heat transfer to 
the glass. 
The rate of heat convection adjacent to each glass surface needs to be quantified to obtam a correct 
heat balance calculatIOn through the glass surface and relate to the precedmg measurements. To 
measure the heat convection rate, hot-wire anemometry IS used and therefore: 
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• a suitable technique is required to calibrate hot-wires at very low velocities, tYPical of 
those in the impinging jet flows from demisters, 
the high frequency response allows measurement of turbulent flow phenomena in a 
complex flow field and comparison with background work in 2-D parallel offset and 
3-D impinging flows, 
• a correction technique is required for measurements in extreme wall proximity, as 
necessary to quantify skin friction, 
the turbulent time histories allow calculation of higher order statistics that provide in-
depth analysis of the characteristics of the flow near the glass surface. 
Combining the results from the steady state demisting tests, infra-red surface temperature 
measurements and mean velocity profiles from the hot-wire measurements will: 
• allow a lead to the indirect estimation of demist performance, 
• provide greater analysis and understanding of the impinging 3-D flow field, 
indicate the posslbihty of deriving an in-vehicle test and the necessary measurements 
to produce a performance estimate. 
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2. AN INVESTIGATION OF STEADY STATE DEMISTING 
2.1 INTRODucnON 
Steady state demIsting represents an in-vehicle condition where the fl uid and thermodynamic 
properties either sIde of the glass are time independent. The impingmg jet flow from the demIster 
outlet, loses heat to the cabin air and cooler glass surface generating a steady 3-D field of heat, mass 
and momentum Given a steady cabin and outlet humidity, the resulting demist pattern will be steady 
and of a shape consIstent wIth the combined spatial variatzon of fluid dew point and glass surface 
temperature. This condition represents a real case of a vehicle with constant heater matrIx temperature, 
fan setting, vehicle speed and steady humidity. For the same set of thermal, psychrometnc and flow 
condItions, the resulting demist pattern will be dependent on the geometry of the jet outlet, WIth respect 
to the wmdshield. This constitutes an ideal test for assessing the effect of geometry on demist 
performance. 
This part of the investigation examines the effect of changes in impmgement angle, offset and flow 
rate from a 3-D jet with an aspect ratio of20 and width of IOmm for constant thermal conditions. Two 
experiments are applied to the range of jet configurations; using steady state demIsting, where the 
interior humidity level is adjusted to alter the steady demisted area occurring on the glass, and using 
clear glass to measure the surface temperature distribution The demisting measurements have been 
made usmg a novel mist imaging technique WIth a monochrome CCD camera. The surface temperature 
dlstnbution across the glass surface has been measured using an infra-red camera, under non-mistmg 
conditions as the mOIsture condensation can cause measurement error 
The test results are unique amongst the literature researched, although the methods used are employed 
by climate control engmeers in vehicle tests. However, there has been plenty of literature produced on 
attaching offset and oblique jet flows and the measured heat transfer at heat conducting walls This has 
provided useful background to compare the results and gain understanding of the demist flow field. 
2.2 BACKGROUND 
2.2.1 IN-VEHICLE PERFORMANCE 
As explained by Atkinson (1989) and Sakamoto et al (1987), the demister system can be deSIgned to 
pass regulation requirements very easily, but post sales, the driver can select any comfortable settmg, 
such as floor mode and low fan speed, both detnmental to demIster performance. Therefore, the 
demister deSIgn must always be conceived with passenger comfort m mind, as well as the active 
performance. 
Sakamoto et al. descnbe flow visualization using helium bubble tracers on demIst outlets of dIffering 
offset and impingement angle. As outlined previously, the offset jet flow produces a recirculatlon 
vortex at the base of the windshield, which increases in size with increased offset Sakamoto et al. 
reason this to be detrimental to demister performance, as there is an increase in cabin aIr entrainment, 
although no actual measurements are used to support this explanation, apart from bubble tracmg. As 
detailed before, the level of entrainment is determined by a number of factors, not simply the geometry 
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of the outlet, but also the shear layer curvature and upstream conditioning of the flow. Sakamoto et al. 
show that more normal impingement leads to possible separation of the jet flow from the top of the 
windshield, leading to direct air flow into the front seat passenger faces. A system designed like this 
may operate extremely well in type approval tests, but never be used by the customer because of 
discomfort whilst driving 
The overall flow visualization results presented by Sakamoto et al. illustrate the dependency of the 
whole cabin flow field on the demister outlet position and also the dependence of the demist flow on 
the cabin outlet positions. Passenger comfort can never be ruled out of the demist system development, 
due to the interdependence on flow direction and whether or not the system is to be used correctly. 
CFD simulation and hot-wire measurements by AbdulNour (1997) Illustrate the non-uniform flow 
leaving a typical demist outlet, due to the upstream contortIOn of ductmg from the heating and 
ventilation unit of a vehicle. This is reflected in the velocity contours in a plane parallel with the 
wmdshield surface and the possible effect on demist performance. CFD predictions by Aroussi et al. 
(2000) also show the importance of improving the actual demist flow rate into the cabin to improve 
performance. However, the suggestion of outlets in the A-pillars of vehicle interiors may lead to a 
system discussed by Atkinson (1989) where it works very well for type approval tests, but produces 
extreme discomfort, rendering It unusable in practice. 
2.2.2 ATTACHING JET FLOW 
2 2 2 1 FREE JET BEHAVIOUR 
Before examining the characteristics of attaching jet flows, the characteristiCS of the free jet flow field 
should be explained, as these have a bearing on the resulting attachment and entrainment of the 
surrounding fluid (Quinn and Mlhtzer 1988). The velocity Uniformity in the jet IS dependent on the 
ducting and pipework upstream ofthe outlet. In vehicle interiors, this IS usually extremely cramped, 
due to space considerations and packaging requirements. Cabin space is for passengers, not for 
plenums, flow conditioning and contractions, that would normally be used to ensure uniform velocity 
profiles at jet outlets. 
Studies of free jet flows using well conditioned upstream flow fields, have shown the presence of 
characteristic regions downstream of the jet outlet (Sfeir 1976). The relative position and velocity 
profiles in the major and minor axes of the jet flow are illustrated in Figure 10. In the near field, the jet 
flow is often described to be in a potential core regIOn. Typically, the core velocity remains constant 
in a downstream direction in this region, although the general velocity distrIbutIon in section may be 
changing from a top-hat shape to a parabola (Quinn 1995) The magmtude ofthe core velocity is purely 
dictated by the pressure difference across the jet outlet plane. This core region IS bounded by a free 
shear layer, where the drIven flow mixes With surroundmg stagnant air Although often conSidered to 
contain random turbulence, this free mixmg layer usually contains periodiC flow features, such as 
transverse roll-up vortices. 
As the shear layers grow in the downstream direction, they eventually merge to create a second flow 
region. For a rectangular shaped outlet, the shear layers bounding the minor aXIs will merge first In 
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this case, the second region is often called a characteristic decay region, where the velocity distribution 
and flow deceleration are dependent on the actual geometry of the outlet. Further downstream, the 
shear layers bounding the major axis will merge as well. This initiates an axisymmetnc flow region, 
where the velocity decay and distribution assume a form similar to that in the second regIOn 
downstream of a circular outlet. 
For the jet geometnes studied in this work, attachment of jet flow to the glass surface would be 
expected to occur in the characteristic decay region. However, changes in the offset and impmgement 
angle of the jet, will alter the proportion of the path length containing the potential core and 
characteristic decay region. This has been suggested for the difficulty in comparing results by various 
authors of attaching flow studies, as the length and definite characteristics of each region are 
determmed by the exact jet outlet shape and to some extent on the upstream flow conditIOns (Sawyer 
1960). 
2 2 2 2 OBliQUE IMPINGEMENT 
Tien and Sparrow (1979) presented heat convection measurements across a plate angled in a wind 
tunnel flow. The flow condition is obviously not the same as a discrete jet flow, where the outlet is 
smaller than the test sample, however by napthalene sublimation from the plate surface and chalk flow 
visualization, it is noted that the stagnation point moves upstream with reduced Impingement angle. 
Sparrow extended this work to discrete jet flows directed at a plate ofnapthalene With Lovell (1980). 
Similar to the motion ofthe stagnation point in the previous work, the point of maximum heat transfer, 
denoted by the deepest valley in the napthalene block after exposure to the jet flow, was shown to move 
upstream of the geometric impingement point as the impingement angle reduced Typically, the 
maximum heat transfer coefficient is shown to be dependent on outlet Reynolds' No. raised to 0 6. 
Surface depth measurements across the napthalene block, show the level of heat transfer to remam 
higher for a longer distance on the downstream of jet attachment, when compared to the upstream side. 
This effect mcreases with reducing impingement angle, as the maximum heat transfer pomt moves 
more upstream. 
The displacement of the maximum heat transfer point from the geometric impingement point IS shown 
by Sparrow and Lovell to increase with increasing offset of the Jet onfice from the plate. For 30° jet 
impingement, the upstream movement of the maximum heat transfer positIOn is shown to be 1.05 to 
2.25 jet diameters for effective offset distances of 404 and 8 66 jet diameters respectively Since, these 
measurements were made in an almost, unrestrained impinging jet flow, the displacement in maximum 
heat transfer would be expected to be less than in the impinging jet flow of a windshleld demister for 
example, as the pressure reduction leading to premature attachment is relieved in the case of Sparrow 
and Lovell. 
Goldstein and Franchett (1988) used a sheet heater covered m liquid crystal paint to determine 2-D 
contours of Nus se It No. under the impinging jet flow from a circular outlet Results showed a general 
dependence of Nusselt No. on outlet diameter Reynolds' No. raised to 0.7. The 2-D contour maps, 
digltlsed from black and white photographs of the liqUid crystal colour changes, allowed estimatlon of 
the displacement ofthe maximum heat transfer point from the geometric impingement position. Figure 
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11 shows the effective attachment length of the jet of Goldstein and Franchett, from the position of 
maximum heat transfer and translation of their geometric variables into those of the present study. 
Each jet angle shows a slight dip in the trend of the attachment length, at a jet to plate spacing of 6. 
This may be due to the position of the characteristic flow regions wIth respectto the jet to plate spacing. 
Beitelmal et al. (1998) show similar results to Goldstein and Franchett for a 2-D rectangular jet. Using 
embedded thermocouples m the surface of the heated impingement plate, similar dependence of 
Nusselt No to Reynolds No. raised to 0.7 was noted, where Reynolds' No was based on the hydraulic 
diameter of the outlet. For the smallest outlet to plate spacmg, the upstream motion of the maximum 
Nusselt No. is hardly recognisable, for a range of impingement angles from 40· to the normal SImilar 
jet attachment is noted for larger spacing, as in Goldstein and Franchett, although the temperature 
measurements are much more sparse reducing the accuracy of attachment length measurement. 
2 2 2 3 OFFSET JETS 
Parallel offset jets have been studied in much more detail, than the oblIque jet, particularly with flow 
field measurements showing mean and turbulent velOCIty scales and mean dIrection (Nasr and Lal 
1998 for example) For the purposes of this chapter, the background WIll be restricted to thermal 
measurements made on and near the wall under the influence of a plane parallel offset jet. 
Hoch and Jiji (198Ia) develop some simple control volume analYSIS, similar to that used by Bourque 
and Newman (1960), to predict the path of the dIviding streamlme, resulting attachment positIOn and 
decay of the maximum axial temperature m an offset 2-D jet With an adIabatic impingement surface, 
the jet flow only loses heat to the quiescent surrounding flUId. Therefore, near wall temperatures 
measured in the recirculation region are shown to be hIghest, up to 79% of the outlet temperature. The 
point of attachment is measured from the intercept of the locus of maximum velocity fluctuations and 
the wall. Measurements of the velocity and temperature half-WIdths in the outer layer of the attaching 
flow, show the increased growth of heat potential, typically about 15% greater than the velOCIty half-
width. 
Holland and Liburdy (1990) made temperature measurements in the flow from a 2-D offset jet, with 
an aspect ratio of 15 and offset ratios of 0, 3, 7 and 11. The attachment surface was insulated to ensure 
an adiabatIc wall Similar to Hoch and JiJI (198Ib), the recirculalIon region contained the highest 
temperatures, although the actual fluid temperature dropped as the offset ratIo mcreased, due to longer 
path length and dIlution through entrainment. Visualisation of flow attachment using a tuft, showed 
SImilar attachment lengths to that predicted using Sawyer's (1960) measurements. Temperature half-
WIdth measurements showed slight reductIon near the attachment region, perhaps due to the increased 
static pressure of the oncoming wall on the flow and subsequent entramment reduction The wall jet 
case of zero offset, showed similar half-width growth downstream as the attachmg jet flow. The 
temperature profile past the impingement point, m the flow near the wall, is shown to fit a Gaussian 
error function, like that of Hoch and Jiji (198Ib). The maximum temperature occurs at the solid 
surface, due to the adiabatic nature of the wall. 
Kim et al. (1996) studied a 2-D jet WIth an aspect ratio of 20, discharging into Isothermal qUIescent 
flUId, attaching onto a heated wall set at a variety of offset ratios The heated wall was covered WIth a 
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film heater and liquid crystal paint to provide a colour image ofthe resulting Nusselt No distribution. 
The attachment point was measured using a split-film hot wire probe, where the flow direction was 
temporally equal up or downstream. Beyond an offset ratio of about 4 - 5 jet widths, the streamwise 
reattachment position was approximately linearly related to the offset ratio. For all the offset ratios 
studied, the streamwise positIon of reattachment and maximum Nusselt No. coincide. There was also 
a minimum heat transfer location in the recirculation region of the attaching flow This dIfference in 
findings between Hoch and Jiji (198Ib) and Kim et al. can be easily explained by the method of 
heating, whether from the wall to all the fluid or m the jet flow to the quiescent surroundmg fluid 
However, as the recirculation region is shown to reduce in temperature with increasing offset for the 
adiabatic case, the maxImum Nusselt No. in the work by Kim et al. is shown to reduce m magmtude 
with increasing offset. Again, this is due to the increased path length of the jet flow, resultmg in 
increased entrainment and a reduction in maximum velocity as the flow attaches. The maxImum 
Nusselt No. is shown to be dependent on the outlet Reynolds' No raised to 0.49. A weaker dependence 
than more normal flow impingement shown in the oblique jet background. 
2.2.3 DEMIST JET PERFORMANCE 
The background review shows that the attaching jet flow emanating from an instrument panel demist 
outlet is likely to attach to the windshield surface upstream of the geometric impingement pomt This 
should yield the point of maximum heat transfer and therefore, in the case of the steady state demisting 
performance, will maintain clear glass at the highest cabin humidity level. Increasing offset will reduce 
the humidity at which the attachment point will mist and therefore, It is expected that the jet geometry 
of the largest offset WIll be most sensItIve to cabin humidity. 
Work was carried out in the early stages of development of the test facility, to measure the sensItivity 
of the transient demist performance on the jet geometry. Cole at al. (2000) showed that the transient 
performance was dominated by the outlet flow rate, WIth slIght dependency on the geometry. 
Comparative performance was measured using the time to breakthrough the mist, time to clear 10% of 
the glass area and the streamwise poSItion of breakthrough Apart from flow rate, both time 
measurements were reduced by increasmg impingement angle and reducing offset. With comparison 
to the above discussion, this would appear to be supported, as the maximum Nusselt No. was shown 
to increase with increasing impingement angle in the oblique jet background and also with reducing 
offset in the work of Kim et al. for offset jets 
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2.3 EXPERIMENTAL DESCRIPTION 
This investigation of steady state demist performance used a smgle jet aspect ratIO of 20, WIth three 
offsets and impingement angles and two flow rates. The combinations are detailed in Table II 
HID a 
4 10° 
12 10° 
4 20° 
12 20° 
20 20° 
12 40° 
20 40° 
TABLE II Seven Jet configuratIOns tested at hIgh and low outlet speed 
Eachjet configuration was tested at two different outlet flow rates, giving approximate outlet bulk flow 
velocities of 5 and 7.5 mls. The actual values are not important for the purposes of these comparative 
tests and are simply referred to as low and high speed throughout. Each configuration was tested under 
the same thermal condition as detailed in Table Ill. 
condItion value 
Ue 83 
Te 282 
T, 303 
Q, 02 
4>, variable 
Td 313 
4>d 20 
TABLE /ll Thermal, flow and psychrometrlc target condItions. 
For full m-depth procedures used in the derivation of the demisting and surface temperature contours 
and detail on the software algorithms employed, see Appendix B.I to B 3. An overvIew of the software 
and process is presented here. Figure 12 displays the coordinate system and the posItIOn of the glass 
with respect to the demist jet. 
2.3.1 DEMISTING EXPERIMENT 
2 3 1 1 TEST METHOD 
1. The necessary chillers, heaters and humidifiers UnIts were switched on and set to the thermostatic 
control point to achieve the deSIred section condition. The back hght was turned on. 
2. The demist jet was set to the deSIred geometry. The offset was measured to withm 0.5mm, with 
the centre of the jet outlet positioned in the same streamwise plane for each setting - thIS was 6 Jet 
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widths upstream of the start of the glass sample. The Impingement angle was set and measured to 
within 0.5°. 
3. The glass surface was cleaned well usmg a dry cloth. The wall around the demist jet outlet was 
sealed using tape to ensure no leaks from the test section. The glass used throughout this work was 
flat automotive laminate, with a thickness of approximately 7mm. 
4. Ensuring the thermocouples were securely attached to the interior and exterior glass surfaces, the 
test section door was closed and the power supply to the heated camera window turned on. 
5. The fans were started to achieve the desired conditions and warm-up the whole test section. The 
facility was left to run for at least one hour before the first test, to ensure suitable soakmg of the 
facility and test glass. 
6. Using the image processing software, a clear image of the glass was saved onto hard disk. The 
processing region was selected using the custom written software, to define the Image capture 
region for the subsequent test 
7. The desired fan setting was selected for the demist circuit and the facility left for at least 30 
minutes, for the glass and demist flow to attain steady temperature 
8. The interior humidifier was set to the first test point and the test progressed at increasing interior 
humidity level. 
9. The on-hne processing software was started and data capture was selected, when the interior 
humidity reached a steady level and misting was observed on the test glass. 
10. The interior humidity level was slowly increased and the test repeated, until all the glass was 
totally misted or the interior air had reached saturation. 
Each test point was averaged over 30 successive data and image acquisitions, this corresponded to 
approximately 30 seconds. The software Yielded an averaged thumbnail processed image of the steady 
state demisted glass and test section temperatures, humidity and fan settings at each test point. The 
glass was cleaned well prior to testing, as dirt on the surface was shown to affect the quality and opacity 
of condensation in previous work by the author (Cole et al. 1999). 
23 12 IMAGE PROCESSING 
The grey scale imaging technique uses both the magnitude and the regular position of the high contrast 
chequered pattern, to derive the coordinates of the demisted area on the glass surface. The camera is 
focused on the chequered background, therefore any misting on the glass surface distorts the image. 
Figure \3 illustrates the various stages in the process. 
Before testing, a clear image is stored of the background and used to pinpoint the position of each of 
squares in the chequer. During testing, the same process is applied to both the stored clear image and 
an up-to-date partially misted image. This process basically reassigns the mean pixel value within the 
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area of each alternating black and white square, with the average of the pixels in the eight surrounding 
squares Since the image is constructed of alternating black and white squares, the resulting processed 
image through clear glass is a uniform mid-grey colour. For the partially misted glass, the misted area 
Will be slightly darker. By referencing the partially misted processed image to the processed clear 
image, a comparative Image is constructed to show the demisted region clearly. A cut-off filter IS also 
applied to emphasise this further and produce a binary image that shows the demisted region of the 
glass in white. The software can then calculate the size and position of the white region, to derive the 
necessary demist parameters, such as percentage demisted area etc. 
2.3.2 SURFACE TEMPERATURE EXPERIMENT 
232 1 ApPARATUS 
The surface temperature measurements were conducted using an Agema Thermovlsion 500 infra-red 
(IR) camera, fitted with an 800 lens to maximise the field of view. The nature of the measurement 
required an unobstructed view between the camera lens and the test glass. Therefore, the heated 
window used in the demisting measurements was removed and a simple cut-out mask applied to the 
porthole, to maintain a seal around the camera lens The camera has a resolution of 320 x 240 pixels 
and the resulting image contained a large amount of the interior plenum The exact coordinates of the 
glass area were known from viSible marker points around the edge of the glass, that had a substantially 
different emissivity to the glass itself, therefore making them particularly noticeable on the IR images 
The video image from the camera was transferred to a frame grabber card and camera manufacturer 
software on a portable computer supplied with the camera. The software allowed full adjustment of 
both the image display and camera calibration. To correctly measure the surface temperature reqUires 
the correct glass emissivity. This was calculated using a p,ece of black insulation tape applied to the 
top corner of the glass. This is known to have an high emissivity of 0 99 By adjusting the emissivity 
entered Into the software for the glass surface, the measured temperature from the view of the 
insulation tape was matched to the temperature measured from the surroundmg viewed glass surface. 
This adjustment produced a glass emissivity of the 0.96. 
2 3 2 2 TEST METHOD 
I. The jet was positioned and sealed in a similar manner to the demlstmg tests, With accurate 
measurement of the offset and impingement angle. 
2. The chillers and heater units were set to the thermostatic set-points required and the fans turned on 
at the desired flow rates, to both produce thermal and flow conditIOns listed in Table III 
3. Prior to the first test, the faCIlity was left to attain steady thermal conditIOn for at least one hour. As 
all the configurations and flow rates were tested back to back, subsequent soak times were reduced 
to 30 - 40 minutes, depending on the down time during jet adjustment. 
4. Using the data acquisition system on the image processing PC, the time dependency of the 
measured temperatures and humidity could be viewed, as well as the real time Image from the IR 
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camera. Also a time history plot of several measured temperatures from the glass surface were 
used to assure steady conditions. 
5. A single IR image of the glass was stored for each configuration and flow rate when the conditions 
were steady. Also, all the air supply temperatures and humidity were recorded as well to assess the 
comparability of each image. 
2.4 RESULTS AND DISCUSSION 
2.4.1 STEADY STATE DEMISTING 
2 4 1 1 VARIATION IN THERMAL AND PSYCHROMETRIC CONDITIONS 
The nature of the experiment, with thennostatic and humidity control, leads to shght variation in the 
conditions throughout the experiment. Table IV and Table V detail the mean values in the constant 
conditions and the ranges measured throughout the expenments on each of the configuration. Also 
shown are the ranges in interior humidIty and measured percentage demIsted glass area. The maxImum 
interior humidity corresponds to the minimum demisted area and vice versa. For both speed settings, 
the exterior and interior temperatures are very close to the target conditions listed in Table Ill. The 
demist temperature varies by approximately 3-4 K with the change in outlet flow rate, due to slightly 
dIfferent heating of the demist air. This affects the relative humidity of the demIst air similarly. 
Variatton in the demist humidity between each configuration, at the same speed, was expected as this 
depended on the prevailing ambient condItion in the laboratory. However, these fluctuatIOns are small 
when compared to the large humidIty range apphed to the interior air. For all the configurations the 
mterior and demist temperatures were controlled to typically within 0.5K. The extenor temperature has 
a slightly larger range, generally between 1 and 1.5K. 
The performance of the various jet configurations is simply illustrated, by examming the maxImum 
humidity of the interior air supply. The smaller the offset, the larger the maximum intenor humidity, 
producing the smallest demIsted areas. For an offset of 4, the interior air was almost at saturation, and 
yet for 20° impingement, the minimum demisted area was stIli 12.5% of the processed image area The 
reduction in outlet flow rate is also noticeable when comparing the maximum humidity and minimum 
demisted area for each of the configurations, WIth mcreased sensItivity of the demist performance to 
cabin humidity. 
2 4 I 2 EXTENT AND SIZE OF DEMISTED AREA AGAINST INTERIOR HUMIDITY 
Figure 14 illustrates the percentage of processed glass area that IS demisted for a range of interior 
humIdIty levels, for all configurations and outlet speeds. The symbols refer to the offset ratto, with the 
crosses, triangles and filled squares referring to 20, 12 and 4 respectively. The error bars indicate the 
range in area and humidity, during the 30 successIve samples used to fonn each averaged test point. 
Generally, the range in humidity is greater than the range in demisted area and tends to increase at the 
higher humidIty levels, as the humidifier has to raise the humidIty further above the laboratory ambient 
level. 
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HID CL T. r. Td cjld cjl,max cjl,min A%max A%mm 
-039 -015 -038 -148 
4 10° 281.93 304.30 315.14 19.28 79.3 342 994 16.5 
-I{) 68 017 -I{) 23 +192 
-045 -017 -021 -126 
12 10° 282.01 304.36 316.45 1762 61.0 34.0 94.2 43 
-I{) 71 -I{) 22 -I{)21 +101 
-050 -022 -132 -3 15 
4 20° 282.10 304.40 315.52 16.53 930 37.4 92.6 12.5 
-I{) 60 -I{) 57 -I{) 82 +294 
-054 -022 -064 -120 
12 20° 28215 304.56 315.52 19.33 756 366 976 40 
-I{) 59 -I{) 17 +048 +144 
-055 -022 -033 -071 
20 20° 282.09 304.45 316.54 1681 630 342 97.0 0.2 
+059 -I{) 20 +0 19 -I{) 89 
-051 -029 -058 -096 
12 40° 282.13 304.48 316.02 1922 86.8 41.1 995 56 
+060 -I{)21 -I{) 35 +117 
-040 -020 -032 -081 
20 40° 28203 304.56 316.56 19.10 74.4 421 99.8 4.5 
-I{) 70 -I{) 22 -I{) 24 +I 03 
TABLE IV Mean and range of cond,tIOns for the hIgh speed tests 
HID CL Te T, Td cjld cjl,max cjl,mm A%max A%mm 
-053 -093 -027 -206 
4 10° 28206 30416 311 74 2336 793 369 978 2.56 
-I{) 62 035 -I{) 66 +299 
-065 -015 -002 -151 
12 10° 282.27 304.55 312.08 21.86 56.7 330 98.9 1 6 
-I{) 49 -I{) 14 -I{) 02 +110 
-055 -028 -019 -184 
4 20° 282.09 304.41 312.38 21.99 91.9 35.4 98.7 34 
-I{) 58 -I{) 48 -I{) 23 +209 
-040 -021 -016 -206 
12 20° 282.00 304.44 312.29 2361 62.2 363 952 5.4 
-I{) 71 -I{) 12 -I{) 40 +159 
-042 -017 -043 -227 
20 20° 281.99 30446 313.18 21.20 55.5 33.3 99.4 22 
-I{) 60 -I{) 13 -I{) 56 +141 
-047 -021 -017 -144 
12 40° 281.98 304.35 311.45 23.94 70.8 38.0 994 38 
-I{) 63 -I{) 18 -I{) 10 +210 
-051 -026 -020 -283 
20 40° 282.23 30466 312.55 2308 69.0 41.5 99.4 1 3 
-I{) 51 -I{) 13 -I{) 38 +388 
TABLE V Mean and range of cond,t,ons for Jow speed tests 
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The results generally show that increasing offset, increases the sensItivity of the jet configuration to 
interior humidity. However, increasing impingement angle reduces th,S dependence, as can be seen at 
the largest impingement angle of 40° as the results for offsets of12 and 20 almost overlay. Overall, the 
effect of the outlet flow rate is apparent for all impingement angles, particularly for the two larger 
offsets, as the glass starts to mIst and reaches total mIsting at lower humidIty for the lower flow rate, 
when compared to the higher flow rate results. As the offset reduces, the gradient of area against 
humidity reduces wIth increasing humidity. For the offset of 4 jet widths, the curves almost behave 
asymptotically as the demisted area reduces. This indicates that the glass might not have misted at all, 
under interior saturation, for the particular conditions used. 
Figure 15 shows the streamwise extent of the demisted region for all the configurations. The y-axis is 
given in no of jet widths downstream of the jet outlet plane. The processed image was constructed 
from 25 by 25 pixels, therefore the resolution of this measurement is poor, so visible digital steps in 
the y-axis values of the graph are inevitable. Increasing offset reduces the sensitivity of the extent of 
demisting to interior humIdIty. The lowest offset is shown to produce a demIsted area elongated in the 
streamwise dIrection and be least sensItive to interior humidIty, past approxImately 50%,h for 10° and 
20° Impingement. At the largest offset of 20 for an impingement angle of 20°, the streamwlse extent 
becomes increasingly sensitive with increasing humIdity, almost finishing in a vertIcal line parallel to 
the y-axis. The results at the lowest flow rate and largest impingement overlay, as In Figure 14 
Both sets of results show similar trends and the interesting behaviour at 20° impingement, where at the 
lower humidity levels, the offset ratio of 12 outperforms the jet WIth an offset of 4, for both flow rates. 
This suggests a pOSSIble effect due to the different flow regions and theIr relatIOn to the path length of 
the attaching jet flow, as noted in other impingement work by Goldstein and Franchett (1988) 
Increasing offset increases the path length of the jet flow, therefore Increasing the dilution of the jet 
flow with cooler, more humid cabin air. This reduces the steady state performance of the jet flows and 
confirms the thoughts of Sakamoto et a!. (1987). 
24 13 2-D DEMIST CONTOURS 
F,gure 16 and Figure 17 show the 2-D contours of interior humidity for each Jet configuration, apart 
from 10° impingement and an offset of 4. The measurements at this jet configuration were only 
available in the area and coordinate format. The axis system is shown in the bottom right hand corner, 
with the plots oriented as though viewing the test glass from the camera with the jet flow travellmg up 
the page. The thick lined square around each plot shows the outline of the glass, which extended from 
6 to 64 jet widths downstream of the outlet plane and + /- I 47 Jet lengths either side of the streamwise 
jet centre line. The chain dotted lines represent the streamwise geometric impingement point of the jet 
axis. 
For all the jet configuratIons apart from the smallest offset ratio, the area to mist at the highest interior 
humidity, the effective centre of the concentric contours, is always upstream of the geometric 
impingement point This compares well with results shown In the oblique impingement experiments 
ofTien and Sparrow (1979), Sparrow and Lovell (1980), Goldstem and Franchett (1988) and BeJtelmal 
et al (1998). Kim et a!. (1996) found the maximum heat transfer position to occur at the attachment 
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point of their wall parallel offset jet. These results suggest a sImIlar conclusion, as the wall is heat 
conducting as in their case. 
For the smallest offset ratio, the area to mist at the highest interior humidIty is a little unclear, since the 
clear area is almost upstream ofthe processed glass area. In this case, the recirculation region upstream 
offlow attachment will occur largely over a low conducting wall preceding the test glass. Expenments 
carned out over adiabatic walls, showed that the reclrculatlOn region to be the warmest region 
downstream of the jet outlet for heated parallel offset jets (Hoch and JIji 1981 b, Holland and Llburdy 
1990) ThIS may occur with this offset ratio, therefore makmg the flow partIcularly resistant to misting 
upstream of the attachment point. In a vehicle, nearly all designs will produce recirculatmg regIons 
over the windshield, as the instrument panel is directly at or just above the lower edge of the 
windshield. The most resistant point to misting will therefore be at the flow attachment pomt, as 
suggested by the results at the other offsets and by Klm et al. (1996) The results for the smallest offset 
of 4, confirm the streamwise extent of demisting shown in Figure 15, as the contours have a very 
streamwise elongated shape, when compared to the larger offset results. 
In Figure 16, the difference between the position of the highest interior humidIty contour and the 
geometric impingement point increases with reducing impingement angle. The geometric 
impingement point for 10°, is past the downstream edge of the glass at approximately 68 jet widths, 
whereas the highest humidity contours are upstream of the glass centre at approximately 25 jet widths 
downstream of the jet outlet For an impingement angle of 40°, the geometric Impmgement pomt and 
highest humIdity contours almost coincide. 
Generally, the higher flow rate increases the interior humidity at which the glass mIsts, as confirmed 
by the contour values, results presented in Figure 14 and the positive heat convection dependence on 
outlet Reynolds' No. shown in the literature. Changing flow rate has marginal effect on the shape of 
the contours, when compared to the changes due to the geometry. 
The contours show slight asymmetry about the x axis, with the demisted area shghtly bIased to the 
negative z dIrection. This is particularly noticeable for the lower momentum jet flow and larger offset, 
lower impingement angles - where the increased path length of the jet flow, reduces the core velocity 
due to entrainment. Buoyancy forces will have a stronger effect on the demistmg in these cases; as less 
dense warmer air rises m the cooler, more damp quiescent fluid, demIsted area IS more likely to be 
above the centre line. 
2.4.2 IR MEASUREMENTS 
242 I VARIATION IN THE THERMAL CONDITIONS 
Table VI and Table VII list the recorded conditIOns in each air supply when the smgle IR Images were 
stored, for each jet configuratIOn and flow rate. Again, the lower flow rate has a slightly lower demIst 
temperature due to changing heat transfer across the electrical heaters. Subsequently, there IS a 
corresponding rise m demist relative humidity with the temperature drop. All the extenor and intenor 
temperatures are to within IK of each other. The conditions compare well WIth Table IV and Table V, 
although the chiller temperature in the exterior cirCUIt was slightly higher in the IR tests to try and 
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prevent any misting of the glass at the ambient humidity level. The comparable condItions allow dIrect 
comparison of the IR temperature contours with the humidity contours recorded in the demisting tests. 
HID Cl Te T. Td <1>. <l>d 
4 10· 283.4 304.5 315.9 37.3 18.8 
12 10· 283.1 3045 315.6 37.3 18.9 
4 20· 283.5 304.6 315.2 38.1 19.7 
12 20· 2836 304.7 316.0 365 18.4 
20 20· 283.4 3040 314.7 37.2 19.5 
12 40· 283.6 304.0 315.4 37.7 188 
20 40· 283.5 3042 3153 380 19.4 
TABLE VI Mean cond,t,ons recorded when the IR Image was stored (hIgh speed) 
HID Cl T. T. Td <1>. <l>d 
4 10· 282.7 304.5 3146 36.3 204 
12 10· 283.5 304.5 3148 36.3 20.1 
4 20· 283.4 304.3 314.3 36.6 209 
12 20· 283.1 3047 314.8 35.8 19.6 
20 20· 2834 304.5 313.6 35.6 20.9 
12 40· 283.4 304.6 314.1 35.8 20.5 
20 40· 282.7 3044 313.0 358 21.2 
TABLE VII Mean cond,tIOns recorded when the IR Image was stored (Iow speed) 
24 22 SURFACE TEMPERATURE CONTOURS 
FIgure 18 shows the contours of surface temperature measured for the jet configurations wIth an offset 
ratio of 4. As before, the cham dotted line represents the geometrIc impingement of the jet axis with 
the glass surface. The effect of reducing flow rate is apparent, with effective reduction in surface 
temperature at the same points on the glass, for both configurations illustrated. The IR Images were 
extracted over a larger area than the demisting contours, wIth the surface temperatures measured 
almost to the edges of the glass. Both jet configurations produce the highest surface temperature 
upstream of impingement, as expected from the work seen previously However, the larger 
impingement angle produces the highest temperatures closer to the geometric impingement line. The 
largest temperature contours almost span the full width of the jet length, indicating lIttle decay in the 
local velocity at the jet edges nonnal to the glass surface. Near the Impmgement pomt the difference 
in surface temperature due to impingement angle is very margmal. However, m the far field, the 20· 
impinging jet shows smaller enclosed area wIthin eqUIvalent valued contours when compared to the 
10· jet. This effect diminishes with reduced flow rate, with the low speed contour plots appearing to 
be very similar. The lowest temperature contours on the lateral peripherIes of the impinging jet flows, 
at the most upstream location, show full enclosure as the temperature tends to rise as the glass edge IS 
approached. This is expected due to reduced heat transfer to the exterior air flow at the glass edges, 
with change in materIal and thickness. 
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Figure 19 shows the surface temperature contours for jets of offset ratio 12. As for the offset ratio of 
4, the effect of flow rate is apparent. The variation In the dIfference between the streamwlse locatIon 
of maximum heat transfer and the geometric impingement POInt with impingement angle is sImilar as 
well. The 20° jet produces a distinct kidney shaped temperature contour near the attachment point. The 
10° jet has a substantial amount of asymmetry, WIth the surface temperatures particularly higher above 
the jet stream centre line near the attachment. The 40° jet produces contours that appear to be simIlarly 
shaped as those from the jets at the smaller offset of 4. However, on the lateral edges of the jet flow, 
the contours are more widely spaced indicating a greater 2-D spread of jet flow across the glass, that 
would be expected with the larger impIngement angle. 
The results at the largest offset of 20 are shown in Figure 20. The effect of flow rate is much more 
noticeable for the larger impingement angle, as it effects the heat transfer right across the whole glass 
surface, rather than close to the attachment point with the 20° jet. The near field contour shape for the 
40° jet is quite dIfferent to the rest, with elliptical high temperature contours WIth major axes In the z-
directIOn, rather than the usual streamwise orientation The contours for the 20° Jet appear to be very 
sImIlar to the 10° jet at an offset of 12. By simple trigonometry, the geometnc path length from the 
outlets of both jets are similar, 69 widths for the 10° jet and 58 WIdths for the 20° jet. The actual path 
length may be a lot closer, if the 10° jet curves more to meet the glass sooner, as shown by the 
difference In the position of maxim urn heat transfer and the chain dotted hnes This similar path length, 
for equal flow rate, may indicate similar entrainment and velocity decay and therefore simtlar heat 
transfer. Again, the lower impingement angle in Figure 20 demonstrates asymmetry in heat transfer, 
particularly noticeable at the lower flow rate. 
By comparing all three figures, for the higher flow rate and looking at the 295K contour only, the 
lowest offset Jets produce a shape that almost appears as a rectangle across the centre of the glass, with 
increased streamWlse narrowing at the hIgher Impingement angle. From the other two figures, the jet 
of 20° and offset of 12 and the jet of 40° and offset of20 appear to produce similar enclosed areas with 
the 295K contour as the smaller offset jets However, the shape tends to alter from the rectangle to a 
circle with Increased offset and impingement, as the jet flow spreads in a much more 2-D manner, 
rather than the streamwlse flow of the lowest offset Jets This rectangular shape of the 295K contour 
at the lowest offset, demonstrates the almost asymptotic nature of the plots of demIsted area against 
humidIty in Figure 14. 
2.4.3 COMPARISON OF THE HUMIDITY AND TEMPERATURE CONTOURS 
Figure 21 is derived from a section through all the contours plots of interior humidity and surface 
temperature along the x-axis. The impingement angle increases from the left and the legend refers to 
the offset and flow rate. The chain dotted lines again refer to the geometric impingement point of each 
jet configuration. The lower lines refer to the left hand humidIty axis and the higher charts to the right 
hand surface temperature axIS. Absolute comparison of the surface temperature and humidity is not 
possible, WIthout further calculatIOn of heat flux and inclusion of the mean bulk conditions. However, 
the change in the shape of the two sets of graphs does illustrate some features of the different 
measurements more clearly than on the contour plots 
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The smaller the angle and offset the closer the maximum temperature and humidity points are to the 
geometric impingement lines. For all the configurations shown, the maximum heat transfer point on 
the glass surface appears to be more upstream than the maximum humidity points. For the offsets of 
12 and 20 for angles 10° and 20°, the streamwise position of the maxIma in interior humidity appear 
to be dependent on the flow rate, with the lower flow rate graphs reachmg maxImum values more 
upstream. This trend is not reflected in the surface temperature measurements, with the maxima 
appearing to be at the same stream wise point for the dIfferent flow rates. 
2.5 SUMMARY 
• Steady state demisting measurements have been carried out in the experimental test 
facility, replicating conditIOns akm to steady state thermal condItIons in a vehicle, 
where the glass is already clear, but the demist system is used to maintain clear glass 
whilst the cabin humidIty rises. 
• Surface temperature measurements have been made using an infra·red camera to 
measure the heat transfer from the different demist jets at similar thermal condItions 
to the demIsting tests. 
• A novel image processing technique has been developed using a method 
recommended for rain water spray measurements near passing vehicles, that uses a 
chequered reference background to provIde an objective measure of the position and 
opacity of the optical hindrance. 
• Seven dIfferent jet configurations were tested, at two different outlet flow rates, at a 
single thermal conditIOn. The demIsting results have been presented m the form of 
demisted area against interior humidity, streamwise extent of the demisted region 
against mtenor humidity and contours of interior humidIty enclosing the measured 
demisted area. 
• The results compare well to other measurements made in obliquely impinging Jet 
flows and offset parallel jets. The last position to mist at the highest humIdity levels 
is shown to be consistently upstream of the geometnc impingement point, due to jet 
curvature and premature attachment. 
• Slight asymmetry is noted at low flow rates and for jets with a long path length to the 
glass surface, due to very low velocity at attachment, mcreasing buoyancy effects. 
Therefore, the higher half of the glass appears to be slightly more resistant to mIsting. 
• Surface temperature measurements YIeld simIlar shaped contours to the humidIty 
contours, indicating simIlar heat and mass transfer. The temperature contours 
illustrate similar trends to jet geometry changes, as for the humidIty contours 
However, the effect of flow rate is noted to be different for the demisting and lR 
measurements. 
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• Generally, the streamwise difference between the geometric impingement pomt and 
the maximum heat transfer position reduces with increasing impingement angle and 
reducing offset. Similar geometric changes, increase the 2-D flow spread, as the 
surface temperature and interior humidity contours change from slender streamwise 
elongated shapes to more circular outlines. 
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3. DEVELOPMENT OF A LOW SPEED HOT-wmE CALmRATOR 
3.1 INTRODUCTION 
The demisting and IR measurements illustrated the possIbility of combining experimental results to 
derive further descnptors, to aid in the understanding of demister flow fields The generation of an 
indirect performance estimate requires know ledge of the heat transfer at the glass surface. Combined 
with surface temperature measurements, a virtual performance estimate may be possible to calculate 
the humidity contours measured previously. This requires a measure of the skin friction coefficient at 
the glass surface. More broadly, WIth the complications of the near-wall flow field in a typical demister 
flow, this requires the measurement of an accurate boundary layer profile, particularly near the viscous 
sub-layer. 
This work utIlises a single element hot-wire probe, to resolve these detailed velocity measurements 
Pressure measurement techniques at such low Reynolds' Nos. are practically inapplicable and 
therefore, without the facility for laser based measurements, the only practical optIOn is hot-wire 
anemometry. Measurement at such low velOCIties itself poses a problem, as the hot-wire is not an 
absolute measurement deVIce and requires calibration in a known flow field to resolve the unknown. 
Since the dynamic pressures are low, cahbration in a usual nozzle flow facility IS not possible, as the 
nozzle flow can not be measured using Pitot tubes very accurately. A cahbration technique tailored to 
the low speed flow encountered within the jet flow is therefore required. This chapter reports the 
development of a pendulum calibrator to provide the necessary velocity range 
The 2-D measurements already completed using the mist measurement technique and the IR camera 
are relatively quick and allowed measurement of seven different jet configurations at two flow rates. 
Accurate boundary layer measurements are time consuming. Therefore, the hot-wire measurements 
will only be apphed to a Single jet geometry at the higher flow rate, namely the 20° jet with an offset 
of 12. The 2-D contours presented, showed that the maximum temperature and humidIty contours for 
this jet occurred within the glass area. Therefore, the upstream wall does not dIrectly affect the 
attachment flow field. This is directly comparable to in-vehicle demister flow field and therefore, the 
subsequent skin friction measurements have been apphed to a very car-like flow. Also, the selected 
configuration is in the middle of the range tested and shows performance elements of each 
configuration 
3.2 BACKGROUND 
3.2.1 GENERAL HOT-WIRE CALIBRATION 
32 1 1 STANDARD HOT-WIRE RELATIONS 
A hot-wire probe is manufactured from a small diameter wIre element, fastened between two 
conducting prongs, that is heated to a high temperature by the applicatIOn of controlhng current. The 
probe used in this work has a wire element that is 1.25mm long and a dIameter of 5 mIcrons and is 
shown in Figure 22. The controlling circuit is set to heat the wire to approximately 250K above the 
ambient aIr temperature. The wire is platinum plated drawn tungsten and is controlled using a 
Wheatstone bridge circuit with feedback. The feedback circuit allows correction of the feeding current 
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to compensate for changes in heat loss due to convection changes around the wire in a moving fluid. 
This maintains a constant wire temperature and is therefore called a constant temperature anemometer. 
The heat loss from a heated cylInder to a moving fluid, was most famously studied by King (1914), 
who discovered that the convectIOn transfer from the cylinder was based on 
Nu = a+bRedOS 
The empirical coefficients a and b were derived from heat loss measurements in a range of fluid 
velocities. The heat loss from the wire is dependent on the square of the voltage applied across it by 
the controlling circUIt. Therefore, leading to the more familiar form ofKmg's Law: 
E- = A + Bci' n=O.5 
The index n, was shown to equal 0.5 by King, although further work in hot-wire anemometry has led 
to the almost standard value of 0.45, being applied to most cases. The consistency of the King's Law 
expression and its derivation from simple heat transfer measurements makes the expression almost 
standard to hot-wire anemometry. However, With the advent of digital technology and the mcreased 
abilIty to speed up calibration processes, many modern hot-wire users apply all sorts of call bration 
laws based on least square fits of velocity against voltage. This allows direct calculatIon ofthe velOCity 
time history, without inversion of King's Law. 
Others have proposed extensions to King's Law, with additional linear dependency on the velocity to 
yield an expression such as: 
The benefits of a number of calibration methods and expressions have been studied by Swaminathan 
et al (1983) and Bruun et al (1988). Swaminathan et al. propose an iterative method of calculating the 
constants in King's Law. Normal methods are to linearly fit the expression given a set of different pairs 
of E2 and if, from the calIbratIon, USIng different values of n. The set of coefficients glvmg the 
smallest sum of the errors squared In E are then used as the calibration constants. Swaminathan et al. 
use a Taylor series expansion of the inversion of King's Law. Then the coefficients are each calculated 
using a Newton-Raphson technique of iteration to derive the set giVIng the least error in U. This has 
the advantage of providing a direct assessment of the calIbratIOn in terms of the actual measurement, 
rather than the hot-wire voltage. The calIbration set studied was taken in the potential core of a jet flow 
from a nozzle, where the core velocity is measured using a Pitot tube simultaneous to the hot-wire 
measurements. 
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Bruun et al. tested various calibration fits, over different velocity ranges. A normalised velocity error 
was used to provide a mean error squared indicator. 
Bruun et al. concluded that the simple King's Law was one of the most effectIve and useful, due to the 
small sum of the errors squared calculated given their calibration data, measured using a Jet nozzle 
calibrator For lower velocity ranges, the error term was shown to Increase from typically 0.114% for 
5 to 50 mts to 0.309% for I to 6 m1s, both calculations using a simultaneous iteratIon for the coefficient 
search. 
32.1.2 LOWSPEEDREGIMES 
Van der Hegge ZIJnen (1958) studied the velocity profile and deceleration of the axial velocity in the 
flow from a rectangular 3-D jet of 20 aspect ratio, simIlar to the jet studied in this work. The 
measurements were taken at an outlet velocity of 40mls. The axial velocIty decay was shown to be 
dependent on the normalised downstream distance. 
Um = 2.48 
U
o 
r J(~) + 0.6 
Using the geometry ofthe 20° jet at an offset of 12, the distance between the jet outlet and glass surface, 
along the jet axis, is approximately 35 jet widths. ApplYing this and an outlet velocity of7.5 mts to the 
above equation, yields a theoretical axial velocIty of 3.11 m1s at the intercept of the jet axIS and glass. 
Obviously, the jet will curve towards the surface as discussed previously, therefore reducing the path 
length slightly. However, from Sawyer (1960), the entrainment of a curving flow IS known to be 
greater than a free flow, therefore decelerating the flow, and subsequently the axial velocity at flow 
attachment will not be far from this free jet figure As flow measurements are to be made very close to 
the wall, the hot-wire will need to be calibrated at velOCIties less than 4 mts, down to close to zero flow. 
Under zero flow conditions, the hot-wire probe loses heat to the surroundings through free convection, 
producing a buoyant plume above the wire. Therefore, the effect of free convection becomes 
increasingly important as the driven fluid velOCIty reduces However, the onset of buoyancy effects 
occurs at a very low velOCIty. (Christman and Podzimek 1981) When the combined forced and free 
convection regimes produce equal force on a flUId element, from kinetic energy gain and buoyancy 
force, it can be said: 
05 Red = 2Grd 
For a wire heated to 250K above ambient, at room temperature and pressure, this corresponds to a 
driven fluid velocity 0[0.011 mts. The effect of free convection sttll has an effect above this velocity, 
but at decreasing rate with velocity rise. For the purposes of these measurements, the velOCIty range 
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will be restricted to 0.1 mls, an order higher than the theoretical equalization of kinetic and buoyancy 
forces. Measurements by Chnstrnan and Podzimek (1981) show the velocity range can be reduced to 
around 0.007 m/s, without any obvious change in heat transfer regime. However, as stated in their work 
and Bradshaw (1971), some results are purely wire dependent and expect other probes to give different 
results, particularly at such velocities where manufacturing differences start to play an effect 
3.2.2 Low SPEED CALIBRATION METHODS 
322 I MOVING FLUID 
To calibrate hot-wires, using a moving air stream and stationary probe, reqUires some speCIalised 
facility deSIgn. Andrews et al. (1972) cahbrated probes m a slow moving wind tunnel and also m fully 
developed pipe flow, with the flow driven using a vacuum pump arrangement. The fully developed 
flow faCIlity had a velOCity profile well modelled and known from semi-empirical theory, and the 
arrangement allowed pressurization of the flow to calibrate the wires at low Reynolds' Nos., but also 
differing Knudson Nos. for specialized combustion measurements. 
The work by Christman and Podzimek (1981) mentioned above, used an axisymmetric open circuit 
wind tunnel, with a test section of 22mm diameter and preceding bell mouth, settling chamber and 
nozzle from a D1SA calibrator. However, instead of driV10g the flUid using a fan, the downstream end 
of the test section was connected to an airtight water tank, with the tank drained slowly by gravity 
through a throttled outlet. By temporal measurement of the water depth, the effectIve velOCIty m the 
test section was calculated. This arrangement allowed very accurate velOCity settmg at very low 
magnitudes of down to less than 10 mm/so Almquist and Legath (1965) used a similar arrangement, 
however the air was pushed through a long brass tube containing the hot-wire probe, by filling an 
upstream tank with water. The tank mass was measured using a balance and used to evaluate the 
velOCity. Both this and the facility of Christ man and Podzimek created laminar parabohc profiles at the 
probe positlOn to allow simple velocity calculation. 
All three calibration methods require separate facilities to the test facility, unless the calibrator is bUIlt 
into the facility where the tests are to take place. Lee and Budwig (1991) present a method based on 
the vortex shedding from cylinders. This has the advantage of allowing a simple addition of an 
upstream cylinder to the unknown flow field to allow velocity calibration, without necessarily having 
a separate calibration facility. The method relies on the convenient dependency of the vortex shedding 
frequency on the Reynolds No. of solid cylinders oriented laterally across a moving stream. The fast 
response of the hot-wire probe allows estimation of the shedding frequency, from spectra of the voltage 
output and conversion to a mean velocity knowing the Strouhal No vs Reynolds No relation for a 
cylinder. Lee and Budwig compare the shedding frequency method to an alternative compressed air 
fed TSI cahbrator, adjusted to produce laminar pipe flow m a downstream axisymmetric tube. The 
cylinders used to provide the osclllatmg wake flow, had additional larger diameter sleeves apphed over 
the ends, to promote parallel vortex shedding. Without, the flow became asymmetric and facIlity 
dependent. This conditioning produces a monotonic relation of Strouhal No. against Reynolds No. 
Using a fit of this relation and comparison with other relations, the overall probe cahbratIon is shown 
to produce comparable results to the laminar pIpe flow facility, unlike the TSI nozzle calibrator which 
is shown to be in error at velocities below 0.8 mls. 
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Seifert and Graichen (1982) used a nozzle flow calibrator, that produced a known theoretical flow 
profile. By positioning the hot-wire probe at different radial locations in the nozzle exit flow allowed 
calibration at different velocities. The method produced reasonable results, although resolving the 
exact velocity profile can be difficult and the probe must be positIOned very accurately. Manca et al. 
(1988) produced low speed calibrations in a tube supplied with compressed air, of dimensions and flow 
rate to produce a Hagen-Poiseulle flow profile, therefore givmg a known velocity for a given mass 
flow rate. The facility could also heat the air, to allow a combmed velocity and temperature calibration. 
Their results illustrate the effects of free convection on the hot-wire response at velocities of less than 
0.07m1s, where the calibration deviates sigmficantly from the King's Law expression with an index of 
o 45. The voltage tends to plateau at very low velocity as the further drop in fluid velocity leads to 
stronger free convection and almost constant heat loss For downward flow, the relation can turn back 
upwards at very low velocities as free convection causes the effective velocity to halt and then nse at 
even lower facility velocities as the free convection effect strengthens. This is shown qUite clearly in 
Christman and Podzlmek's work, where probe orientation is shown to effect the free convection from 
the wire. 
3 2 2 2 MOVING WIRE 
The movmg fluid low speed methods used special facilities, each with their own advantages. However, 
instead of moving the fluid, when dealing with such low velocities, it may be easier to move the wire. 
Aydin and Leutheusser (1980) descnbe a towing facility, where the hot-wire probe runs on a carriage 
contained within an aluminium track. The carriage is accurately timed over IOm, to give an accurate 
velocity reading to within 0.0 I m/so Some calibration data is compared with that obtamed in a DISA 
nozzle calibrator, which produces a sharp drop off m hot-wire voltage as the velocity reaches the 
recommended lowest setting of O.5rn1s. The track and carriage are shown to provide more accurate 
velocity readmgs down to 0.05m1s. The wire calibration is proved in laminar planar Couette flow, 
generated using a movmg wall. The wire measurements are shown to align with the straight Ime 
velOCity gradient from 0 04rn1s up to the wall speed of 0 4lm/s 
Tsanis (1987) reqUired a facility to measure plane Couette flow within a movmg sealed box. A 
calibration facility was constructed using a screw-driven carriage, mounted on high-precision shafts, 
to minimise probe vibration. The whole calibrator was sealed to ensure complete qUiescence of the 
surroundings. CalibratIOn was possible down to approximately 0 04m/s and the results showed 
increase in the King's Law index, with reducing speed range. For the very low speed range of 0 to 0.2 
m/s, Tsams shows that E2 is linearly dependent on U. For higher speed ranges this alters, with the index 
equalling 0.41, for a speed range of 0.7 to 3rn1s. 
The track and carriage methods do show very good quality cahbrations, with subsequent 
measurements comparing well to theoretIcal and known flows However, both Tsanis and Aydin and 
Leutheusser were testing in moving wall or box facilities that were very long, up to 31 m, therefore they 
already had the space to install a long track system, to gain low enough velocities over long enough 
time. In more space constrained laboratories, rotational motion IS more appropriate. Bruun et al. (1989) 
describe a swinging arm facility, where a wire is mounted on the end of an 0.762m arm, that is fastened 
to a rotating spmdle at the other end The arm is released from Just past the vertical, to sweep a near 
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circular arc. Using a slotted plate attached to the rotating end of the ann, the data acquisition ofthe hot-
wire response is triggered at differing angular positions of the swing. The acquisitIOn IS triggered both 
to start and stop over the same angular distance. By fitting two different hot-wire voltage traces to 
King's Law, given the same path length but differing time histories, the resultmg velocity range and 
cahbration constants are evaluated. The system is very simple and is shown to produce extremely good 
results. By rearrangement of the path length integrals in tenns of King's Law expression, yields an 
error function simply in tenns of the voltage and index n Using bisection iteration the minimum error 
is found at the optimum index value. Substitution then allows calculation of the other two King's Law 
coeffiCients. From repeat tests the largest absolute variallon in velOCity was 0 03m/s. 
Haw and Foss (1990) describe another swinging arm facility, that uses a shaft encoder and angled 
probe holder, to ensure tangential velocity apphcation at the wire element The I.275m arm was 
released from just past the vertical using a solenoid, to provide data acquisition tnggering as well. The 
angular displacement of the falling ann was fitted using an seventh order polynomial expansion of the 
second order linear solution to the angular acceleration equation, assuming negligible drag and 
frictional force. 
The coefficients are calculated given the time history of the angular position and the equation 
differentiated to give the angular velOCity. The accuracy of the system is high, With an effect ofthennal 
stratificallon of only I.5K, shown to effect the calibration. The pendulum was used to produce a 
velocity range of 0.45 to 9m1s and shown to fit King's Law very accurately, With an index of 0.5. 
Deviation from the expression is noted at velocities of less than 0 4m1s, however adjustment of the 
coefficients allows the facility to produce accurate cahbration down to 0.01 m/so From repeat 
calibrations, the difference between the calculated velocity time histories using the same set of 
coefficients is 0.005m1s. 
Zabat et al. (1992) describes a swinging ann used in a water facility. The arm IS released using a 
solenoid and designed to swing less than 70·, with the spmdle driving a 2kQ potentlOmeter through 
gears to maximise the output The time history of angular pOSition is differentiated to prOVide the 
velocity. The swinging ann is part of the flow traverse system, therefore hot-film probes can be 
calibrated very easily and often, as contamination in water flows is a common problem with hot-Wire 
anemometry. The time history of position is fitted using a polynomial allowing easy differentiation to 
velocity. The pendulum produces extremely accurate time histones of position, voltage and calculated 
velocity. However, the major problem with the facility is shown to be in the acceleration of the hot-
film probe through the water. At a maximum speed of 0 2m1s, the Reynolds' No. is approximately 25. 
But deviation from King's Law is noted at the start and end of the swing, due to the change in heat 
transfer regime around the probe. The acceleration is so large, the heat transfer - which is nonnally 
assumed to be steady for King's Law - is transient altenng the voltage change m the hot-film probe. 
This is a problem peculiar to a pendulum swingmg m a hqUld in particular and should not occur m air, 
as the change In Reynolds' No. is small in comparison and the heat transfer will always be steady state. 
However, using the data outside the acceleration affected region, the cahbrator was shown by Zabat et 
al to produce suitable calibration data to resolve the velocity in a BlaslUs profiled boundary layer 
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Guellouz and Tavoularis (1995) used a pendulum usually used for impact testing materIals to calibrate 
a hot-wire. The wire was mounted at different radii to alter the velocity range of the swing. The 
accelerating part of the first forward swing was used to provide the calibration data. The error in two 
velocity traces, with compensation for the radius of the wire, was minimized by varying constants A 
and n from King's Law. B was determined by integration over one of the swings. The release angle 
and a movable mass could be adjusted to alter the velocity range and time period of the pendulum. By 
reducing the velOCity range, it was shown that the index in King's Law increases 
3.3 THE PENDULUM CALIBRATOR 
3.3.1 USE 
Due to space limitatIOns, the necessary low speed range and for SimpliCity and economy, a pendulum 
style calibrator was chosen for the purposes of these skin friction measurements using a hot-Wire 
probe. The calibration of hot-wire probes are sensitive to all forms of environmental effects, such as 
dirt and ambient temperature change. Fortunately, as the test facility was effectively air conditioned, 
any calibration in the laboratory could be applied as the facility air temperature could be matched to 
the laboratory to within O.5K at room temperatures. Also, the pendulum needed to be close to the test 
faCility to allow transfer of a calibrated probe and holder to a traverse mechanism mounted ID the test 
facility. Disconnection ofthe hot-wire after calibration can also lead to error, particularly if grease or 
dirt foul the connectors. Therefore the position was of primary importance in the pendulum design and 
due to the already cramped laboratory, given the size of the test facility, the pendulum could only 
swing from a near horizontal plane. To achieve the necessary maximum velocity of 4m1s, as expected 
in the region of interest downstream offlow attachment to the glass surface, the pendulum needed to 
be nearly I m long. 
As the measurements were to focus on an attaching jet flow, flow direction IS important near the 
attachment and recirculatJon region, where resolving velocity components would be necessary. 
Therefore, further work was envisaged to include measurements using a 2-D split-film probe, due to 
ItS small measurement volume and high directIOnal resolution ID regIOns of large shear. So the 
pendulum was also designed to provide probe rotation with respect to the arm radial axis. SimpliCity 
was necessary and shown to provide excellent results in the case of Bruun et al. (1989). Early tests 
using an accelerometer attached to the pendulum, to resolve the centripetal acceleration, led to 
difficulties in producing repeatable results, mamly due to complex curve fitting to account for the 
effect of gravity on the results. 
3.3.2 DESIGN OVERVIEW 
A sketch of the pendulum arrangement is shown in Figure 23. The free end of the pendulum was 
designed to hold part of the traverse arm in a similar orientation to that in the traverse mounted m the 
test faCility. In thiS way, the probe and holder were not moved from their pOSition with respect to the 
arm, allowmg correct application of the calibration to the measured unknown flow. Even very small 
rotation of the wire element to the flow axiS can invalidate, even the most carefully implemented 
calibrations. The traverse arm was accurately milled, to give a positive location onto both the 
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pendulum and traverse, with a single machine screw used to assemble the parts This provided an 
extremely sImple yet very accurate way of ensuring the same orientation. 
The hot-wire probe used in this work was a Dantec 55P14, boundary layer type probe, shown in Figure 
22. The prongs are bent and positioned to place the wire element 5mm upstream of the probe axis. 
Therefore, the probe axis was normal to the swing plane, but the arm was positioned to orient the wire 
element directly on the arm radius. In this way, the axis of the wire element was In line with the arm 
radius, causing a slight shear on the oncoming flow. However, for the 99lmm long pendulum, from 
spindle centre to the wire centre, this would only cause a variation of 5 mmls across the 1.25mm long 
element. As the low velocity cut-off for the calibration was to be 20 tImes larger, this was conSIdered 
to be a negligible effect for the majority of the calibration velOCIty range. 
The traverse arm was connected to the rotating part ofthe pendulum, which allowed complete circular 
rotation of the probe holder for cahbration of directional probes. Therefore, the offset arm mechanIsm 
was counterbalanced with a weIght on the opposite side of the pendulum This was unnecessary for the 
calibrations reported In this work, as the offset mass was in a radial plane normal to the swing plane. 
However, for other probe calibrations with straight prongs, the weIght was necessary to provide correct 
pendulum balance. 
The spindle was located onto the swinging arm, rotating freely in bearings in the support bracket The 
spindle was lengthened on one side to drive a 10ka potentiometer. This had approximately 270° of 
rotation, so the potentiometer body was set to place the opposite end stops at equal angles from the 
vertical. This allowed the pendulum to swing between +1- 135° from the vertical, although space 
hmitatlOn restricted the swing to +1- 70°. A 5VDC supply was applied across the potentiometer and the 
output connected to a channel of the hot-wire data acquiSItIOn hardware, along with the SIngle bridge 
voltage and a temperature probe, which was attached to the same arm as the hot-wire probe holder. 
Each were sampled simultaneously, using a sample and hold facihty on the data acqUIsItIon board. 
The pendulum and support bracket were mounted directly to the frame of the test section, allOWIng 
easy transfer of a calibrated probe to the test section traverse. Between the spindle carrier and frame, 
was a sector shaped board with threaded M6 bolt holes set at near regular intervals around the arc edge. 
By screwing in a long bolt, the pendulum could be retaIned at a range of positive and negative angles. 
This allowed static calibration of the potentlOmeter, with the angle measured using a bubble 
inclinometer. ThIS had a measurement resolution to within a single mInute, allowing accurate 
calibration. 
At the largest negative angle of _70° from the vertical, an adjustable arm was fixed to the calibration 
board to hold a magnetic release, from a dial gauge stand. This allowed simple release of the pendulum 
on a swing through qUIescent atr. Cables from the hot-wire and temperature probe were attached to the 
arm prior to calibration USIng tape, with care taken to Insulate the BNC connectors both from each 
other and the metal pendulum arm. The cables were looped at the spindle end, to allow near free 
swinging of the pendulum, with. minimal damping. 
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3.3.3 CALCULATION OF THE VELOCITY AND VOLTAGE FIT 
1. The pendulum potentiometer was calibrated at 10 fixed angles using a bubble inclInometer. At 
each point the average potentiometer voltage was recorded and stored in a data file, with the 
measured angle. 
2. The complete data file was fitted with a cubic polynomial expression to calculate the time history 
of angular position during a pendulum swing. 
3. The hot-wire probe was attached to the pendulum and the output from the bridge adjusted using 
the built-in signal conditioner unit in the Dantec Streamline hardware, to maximise the resolution 
at the data acquisition board. 
4. The calibration software was started, with a selected number of repeats and countdown time A 
visual flashing countdown is used to allow manual release of the pendulum using the magnetic 
switch at approximately the same time as the data acquisition starts. Only the time history of 
voltage and angle from the decelerating part of the first swing was stored in a data file The swing 
was repeated, allowing at least 20 seconds between each SWIng, and another data file stored. Data 
was sampled at 1 kHz. 
5. The set of swing data files contained time histories of wire voltage and angular position from zero 
angle to past the maximum angle. These files are passed through an executable post-processing 
program written in Borland Delphi, that fitted each time history of angular position With the 
simple harmonic equation for displacement, to calculate the time period of the swing, by 
minimizing the sum of the errors squared for the angle. 
e = eSine;/) 
6. Using an analytiC time differential of this expreSSIOn, allowed calculation of the time history of 
angular velocity. With an additional radIUS input, the data files were converted to voltage against 
velocity data sets. 
. . (21t) (21t/) U = er = er T cos T 
7. Each data set was fitted using King's Law, with a trivariate search method used to optimise A, B 
and n, by minimizing the sum of the errors squared in velOCity. The measured voltage histories 
were corrected for the offset and gain applied by the signal conditioner, to allow correct 
application of King's Law. 
8. The repeat King's Law fits were used to assemble a mean fit by recalculating each velocity range 
from the largest mInimum voltage to smallest maximum voltage encountered during the 
cahbrattons. Then the individual fitted velocity traces were refitted with a single King's Law 
expression, again USing minimization of the velocity errors. 
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A detailed description of the optimization software algorithm is given in Appendix BA. 
3.4 CALIBRATION RESULTS AND DISCUSSION 
The folloWIng example calIbration data, is taken from the five boundary layer tests accomplished near 
the interior surface of the glass, reported in detail In the folloWIng chapter The calibration data IS 
broken down into its constituent parts to allow analysis of each process and the possibility of errors. 
3.4.1 STATIC CALIBRATION 
Figure 24 shows the static calibratIOn data taken prior to the five sets of pendulum swings. The left 
hand vertical axis shows the potentiometer output voltage and the rIght hand axis shows the error m 
each static measurement with respect to the cubic polynomial fit applied to the last set of the data. 
The pendulum was statically calIbrated prior to each set of swings, to account for any changes In the 
pendulum attitude or drift in the voltage apphed across the potentlOmeter. In practice the output prior 
to the five tests, taken on five consecutive days, align very well and the data points overlay one another 
in Figure 24. The output from the potentlOmeter was thought to be linear, prior to measurement, 
however deviation from a straight line fit is noted, particularly around the vertical point where El = O. 
(El -El) Ea = ~e c x 100% 
The percentage error in angular fit was calculated using the above expressIOn. The maximum error was 
0.93%, therefore 0.011 rads absolute error. This is a little large and appears to be due to the fit type, 
rather than experimental noise Fits using polynomials of higher order did not result In substantial 
improvement. 
3.4.2 SAMPLE SET OF CALIBRATION SWINGS 
Figure 25 shows the time histories of the 20 individual swings from the third set of calibrations. The 
arrows refer to the axis to use on each trace. The consistency of the angular trace is apparent and 
therefore, the time period fits should be expected to be very Similar. Shght noise IS noted, With 
fluctuation on some traces. Potentiometers are known to produce greater nOIse With age and this 
particular transducer had experIenced over one thousand swings, so slight noise would be expected. 
The end of swing marker denotes the maximum angle and alIgns with the minimum voltage of the hot-
wire output very clearly. Irregular oscillation of the hot-wire response is clear, after the maximum 
displacement point, as the wire passes back through its own wake and disturbed air. There is a clear 
regular oscillation in the hot-wire trace however. This is known to originate from the release 
mechanism. The point of release, although theoretically instantaneous, sets up an oscillation in the 
release arm holding the switch that transfers to the pendulum at the instant of release, not through the 
support structure. The release arm is to be replaced with a more rigid support, attached to the test 
facility frame far from the pendulum, to try and reduce this effect The pendulum may also reqUire 
slight stiffening, particularly normal to the swing plane. However, for the purposes of these 
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measurements, the general calibration trend and operation of the pendulum was considered to be very 
good and provide consistent results. 
Definite absolute variatIon in the minimum voltage between different swings is noted and is most 
likely due to draughts in the laboratory. The likelihood of draughts was reduced by ensunng nobody 
walked past the calibrator whilst in operation and the doors were shut at all times. ConvectIon currents 
from nearby cooling fans in the computers and hot-wire hardware were shielded. These precautions 
ensured that any remaming draught was theoretIcally irregular in strength and direction, therefore 
repeat swmgs would ensure removal of any draught effects through averaging Also, the strongest 
draught effects were thought to occur below 0 I m/s, which was the lowest calIbratIon cut-off value 
anyway. 
3.4.3 CALCULATION OF TIME PERIOD AND KING'S LAW COEFFICIENTS 
Table VIII shows the mean and varIation in each of the calculated parameters for the third set of 
calibration swings, shown in Figure 25. The top line represents a simple mean figure from consecutive 
least square fits of the time period and Kmg's Law coefficients. Below are the limits of the 95% 
confidence interval around each mean (refer to Appendix C.I). The bottom line shows the overall 
mean fit coefficients, derived from the individual fits m the software. 
The mean mdex of King's Law IS 0 63, for an overall velocity range of 0 12 to 4.12 mls ThIS is higher 
than that found by King, of 0.5 and the unIversal standard of 0.45 accepted for most hot-wire 
calIbrations. The bottom line of the table shows a test applIed to the least squares fit software, where 
the index was fixed at 0.45 and A and B were optimlsed The resultIng normalised error, given as a 
percentage, is shown to increase from 0.364 to 0 529%. The error was calculated using the form 
described by Bruun et at. (1988) 
Over 20 repeat swings, comparison of the indiVIdual fits yield small errors, whIch IS qUIte surprising 
given the simplicity of the technique and known problems due to draughts and vibration. The average 
time period can be thought to be correct to within 0.8%. By applying each ofthe 20 time periods across 
the corresponding time history, the overall normalised error in the calculation of the angular position 
was 0.371 %, of comparable SIze to the resultIng error in velocity. Both were calculated for 8725 data 
POInts, from all 20 of the time histOrIes. 
T Ea A B n £u 
meanof20 1.7704 1.9143 0.5580 06256 
95% 00071 00206 00159 00104 
confidence (0.40%) (1.08%) (2.85%) (I 66%) 
mterval 
overall mean 0.371% 1.9151 0.5574 06250 0.364% (8725) (8725) 
fIXedn test 1.6612 08317 0.4500 0529% (8725) 
TABLE VIII OvervIew of the tIme perIOd. A. Band n calculatIons for the third set of caizbratlon swmgs 
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3.4.4 CALIBRATION DATA 
Figure 26 illustrates the overall mean King's Law fit applied to all the data from the 20 calIbration 
swings, with every 4th data point plotted. The linear fit IS apparent, as the axes are E2 and r.fJ 625. 
Although scatter in the data is clear, the absolute range in the data is shown at two points, at 0 32 and 
3m1s, and is typically about 0 2m1s. This is fairly constant throughout the considered speed range of 
0.1 and 4.2m1s. 
A plateau in the data is noted at very low velOCItIes. Th 
transfer around the wire element. Figure 27 Illustrates 
different horizontal axes of U and r.fJ 45. The arrows I 
shows that the data converges to a linear function 
velocity range higher for the lower index. With an in 
very lowest velocities, as shown by Tsanis (1987) for 
plateau shown In Figure 26 has disappeared for UI fit, 
by simple change m the index value. For the r.fJ 45 fit, t 
the lower index is valid for a higher velocity range 
horizontal axIS values. This trend has been shown by 
Guellouz and Tavoularis (1995) even present a functio 
the maximum wire Reynolds' No. of the chosen veloc 
is is suspected to be due to change in the heat 
two plots of the data presented in Figure 26, on 
ndicate the corresponding axes. The plot clearly 
at different velocity ranges, with the absolute 
dex of I, the data lies along a straight line at the 
a mean velocity range of 0 to 0.2m1s. Indeed, the 
suggestIng the differing heat transfer is modelled 
he data levels out at the lowest range, suggestIng 
as shown by the increased linearIty at higher 
many, Including Aydin and Leutheusser (1980) 
n ofthe value of the King's Law index n, agaInst 
Ity range from a collectIon of background data 
n = 0.856 + 0.318atan(- 9.525Remax + 0 753) 
ur wire IS approximately 0.73, using a film 
mately equal to 0.41. The fit shows n to be a lot 
For a velocity of 4.2m1s, the Reynolds' No. for 0 
temperature of 420K. Therefore, n should be approxi 
larger than this, although the velocity range is large w 
velOCIty range fitted m this work is much larger than th 
The range was reduced and the data reprocessed in a s 
ith the highest velocity 40 times the lowest. The 
ose fitted by Tsanis and Aydm and Leutheusser. 
preadsheet to InvestIgate the effect on n 
Urntn Urn .. A B n EU 
0.1 4.2 1.9151 O. 5574 0625 0.364% (8725) 
0.5 4.2 1.7446 O. 7242 0.523 0081 % (8182) 
4.2 1.5983 O. 8563 0.467 0.041 % (7489) 
2 4.2 1.3745 I. 0374 0.423 0015% (6028) 
0.1 0.3 1.8043 O. 8959 0.660 4.077% (270) 
0.1 1.8939 O. 5800 0.634 I 877% (1236) 
0.1 2 1.8944 O. 5753 0628 0.915% (2697) 
TABLE IX Effect of velocity range 0 n the Kmg's Law coeffiCIents 
zation of the nonnalised error in U, by reducing Table IX shows the resulting coefficients from minimi 
the velocity range of the fit. The fit was applied to all th 
set. The actual number of data POInts are shown In 
substantIally as the minimum velOCIty is reduced and t 
e data from 20 swings from the third calibration 
brackets in the error column The error rIses 
his is thought to be the major contrIbutor to the 
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o 36% error seen using the overall mean fit. Increasing the lower cut-off limit to 0 5, pushes the error 
down to 0.081 %, less than errors reported by Bruun et al. (1988) for measurements in a nozzle flow at 
higher velocities. Indeed the increasing error at lower velocities, increased the problems in gainmg 
convergence for lowest and smallest velocity ranges. The convergence of the routine became much 
more dependent on the initial guess values, suggesting mUltiple local minima in the functIOn due to 
data scatter. However, the general trend can be seen of increasing n with reducmg velocity range and 
minimum velocity. This suggests the empirical fit of n agamst Remax by Guellouz and Tavoularis 
(1995) should include some term related to the velocity range as well as the maximum value. 
3.5 SUMMARY 
• A simple pendulum calibrator has been constructed to provide low speed velocity 
calibration for single element and directional hot-wire probes. 
• A simple harmonic motion fit of the angular position of the pendulum during the 
decelerating part of the first swing is used to derIve velOCity, through an analytic 
differential. The hot-wire voltage recorded simultaneously to the angular position is 
fitted against velOCity usmg the common King's Law expression. 
• Smce the wire is moved through quiescent air at low velOCities, the effect of draughts 
and mechanical flaws appeared in the time histories of hot-wire voltage, during a 
pendulum swmg. Calibration data was taken from the first swmg only, as further 
swings move the wire element back through its own wake and non-qUIescent fluid. 
Also, data capture was restricted to the decelerating part of the swmg, where any 
vibration in the pendulum caused by the magnetic release mechanism, had reduced 
through damping. 
• Repeat swings are used to improve the confidence in the resulting fit coefficients. 
From a typical set of 20 calibration swings for a velocity range of 0.1 to 4 2m/s, the 
normalIsed average error in the calculated velocity with respect to that measured was 
0346% 
• Increasing the minimum velocity over which the fit is applIed, reduced the index in 
King's Law from a full range value of 0625, in common With the trends shown by 
other researchers Also, this improved the qualIty of the fit, suggestmg the scatter in 
the results at the lowest velocities, around 02m/s, were largely responsible for the 
error value For a velocity range of I to 4.2m1s, the index value dropped to 0 467 and 
the normalised error reduced to 0.041 %. 
• Reducing the maximum velocity, whilst maintaming the low minimum velocity of 
0.1 m/s, caused difficulty in obtaming suitable convergence of the optimizatIOn 
routine, with dramatically increasing normalised error With slight increase in the 
index in King's Law. 
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4. MEASUREMENT OF THE SKIN FRICTION COEFFICIENT OF GLASS 
4.1 INTRODUCTION 
To create an indirect demist performance estimation using the surface temperature measurements, 
reqUires knowledge of the convection rate from the glass surface. Measurements have been made near 
the Interior and exterior surfaces of the test glass in the environmental facihty, to resolve the boundary 
layer shape. In particular, the universal logarithmic law ofthe wall has been apphed to the data to allow 
determination of the friction velocity By Implementing Reynolds' analogy of heat and momentum 
transfer, the distributIOn of the heat convection coefficient can be determined along the horizontal 
centre line of the glass surface. Flow measurements were restricted to the centre hne of the glass, along 
the x-axis shown in Figure 12, as the flow can be considered to be 2-D and confined within the x-y 
plane normal to the glass surface. 
The interior wall flow was traversed far enough downstream from the attachment region, to ensure no 
flow reversal and the mean flow angle was within the measuring capabilities ofthe hot-wire probe. The 
probe used was calibrated with the pendulum described in Chapter 3. The pendulum was to prove very 
useful and produce repeatable and accurate cahbration, as is shown in the resolutIOn of the 
measurements and streamwise trend of the data, with comparison to other work. 
Due to access difficultIes, flow measurements near the exterior surface were performed by traversing 
the hot-wire probe through the surface, With the glass replaced With a wooden board of equal 
dimensions and surface finish. The probe was calibrated using the core flow of the exterior circuit, 
which was cahbrated using more conventional pressure probe measurements prior to hot-Wire 
calibration. 
Both the exterior and interior surface were traversed with accurate distance measurement using a dial 
gauge, allowing incremental motion of the hot-wire probe to within 10 microns. A technique was 
developed to correct the hot-wire measurements In very close wall proximity, as the wire experiences 
greater heat loss. 
4.2 BACKGROUND 
4.2.1 HOT-WIRE MEASUREMENTS IN CLOSE WALL-PROXIMITY 
421 I EXTRA HEAT LOSS 
A calibrated hot-wire anemometer relies on the level of heat loss from the probe to correlate with the 
fluid velOCity acting around the wire element. The high frequency response of the very small heated 
cylinder, allows measurement of the turbulent properties within the fluid However, as the hot-wire is 
moved towards a solid surface the voltage acting across the controlling bridge circuit can vary, as the 
wire element loses extra heat to the wall through conductIOn through the fluid between the wall and 
the wire. This effect will be strongest with wall material of high thermal conductivity and large 
temperature difference between the wire and the wall. Figure 28 shows some results from Azad and 
Burhanuddin (1983), where the uncorrected measurements in the sub-layer of the boundary layer are 
shown to increase, due to the added voltage rise in the anemometer from the conductive heat loss. 
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Oka and Kostic (1972) describe the extra heat loss from the wire to the wall and comment on the effect 
to be dependent on the Reynolds' No of the flow concerned. This is presumably due to the reduction 
in conduction loss to the wall, when the flow is driven as the heating between the wire and wall is 
reduced due to fluid cooling. As the skin friction is related to the Reynolds' No , for a given flow field, 
Oka and Kostlc show that the point of deviation of the measured velocity from the viscous sub-layer 
constant velocity gradient, occurs at the same non-dimenSIOnal wall distance. However, this is not 
necessarily the case, and assumes the cooling effect of the flUId between the wire and the wall to be 
similarly dependent on Reynolds' No. as the skin friction. The former is much more dependent on the 
wire properties and indeed this result of Oka and Kostic (1972) was disproved by Azad and 
Burhanuddin (1983) as shown in the different points of deviation from the inner law in Figure 28. 
Azad and Burhanuddin corrected their velocity profiles m the inner layer by measuring the hot-wire 
voltage with and without flow at the same distance from the wall The mcrease in wind-off voltage 
from the steady value outside the influence ofthe wall, was subtracted from the measured mean values 
with the wind on. The corrected profile is shown in Figure 29. The correction proved to be quite 
successful, with the velocity measurements aligning with the sub-layer linear gradient, rather than 
bending away in close proximity. 
42 1 2 SKlN FRICTION MEASUREMENT 
Reynolds' analogy illustrated a direct dependence of the NusseltNo. on the coefficient of skin friction. 
Skin frictIOn can be estimated fairly accurately for a wide range of boundary layer flows using semi-
empirical functions ofReynolds' No. However, for the obliquely impinging flow studied here, the only 
confident method of skin friction estimation is by measurement. The only direct method of measurmg 
skin friction would be to measure the actual frictional force applied to an element of the impingement 
surface. This is practically impossible for the majority of studies, therefore most of the techniques can 
be thought to be indirect measurements. 
Hot-film gauges rely on a similar principle to hot-wire probes, where the Imbalance ID a controllmg 
bndge circUIt yields a measure of the friction velocity at the surface. Qualitatively, these devices yield 
fluctuating time histories of the actual flow mechanisms acting at the surface and If apphed across an 
aerodynamic surface, can be used to indicate the tranSition region in a boundary layer for example. If 
used objectively, the gauges require correct cahbration using a known flow field or a flow that can be 
modelled easily, such as a laminar Blasius profile or Couette flow. Actual fluctuating measurements 
are confounded by heat loss from the gauge to the surface, restricting the frequency response 
(Alfredsson et al. 1988). 
The Preston tube is basically a total head tube positioned with one side ofthe tube touching the surface 
(Preston 1954). By using a tube with a small enough diameter to "collect" flow only ID the viscous sub-
layer, the measured pressure will be a function of the sub-layer velocity gradient. By measuring the 
wall static pressure at the same downstream location and cahbrating the probe in a known flow, the 
measured dynamic pressure can be converted into a value of skin friction. 
East (1966) developed a technique of estimating the skin friction by measuring the wall static pressure 
with and without a shielded tappmg hole. Often referred to as a wall-fence technique, East's technique 
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uses a razor blade edge to partially shield the wall tapping during a measurement. Razor blades are 
made to fme tolerances and East's calibration has been used by other investigators with reasonable 
success, yielding SImIlar results to a Preston tube (Irwin 1973). This and the Preston tube techmque are 
however, not suited to the low speed obliquely impinging flow in this investigation, as the pressure 
drop at the head of the tube or wall tapping will be extremely small and difficult to measure. Liquid 
crystals can also be used to slgmfY changes in skin friction, by changing colour under dIffering stress 
loads. However, these are much more SUIted to high speed flows, where the wall stress changes are 
much more apparent and measurable. 
CalculatIOn of the skin friction from the near-wall velocity profile, requires a few assumptIons applied 
to flow theory. Applymg Reynolds' time averaging concept, the velOCIty components are formed from 
a mean plus a fluctuating component, therefore l : 
u = u+u' v = v+v' w = w+w' 
Ignoring gravitational effects, the equation for fluid momentum in a predominant x-axis can be 
expressed as: 
pdu = _ a_iH~(Jlau_pu'2)+ a(Jlau_pu'V')+~(Jlau_pu'w') 
dt aX' ax ax ay\. ay az az 
The shear stress components in the brackets on the right hand SIde are split mto their lam mar and 
turbulent stresses respectively In the VISCOUS sub-layer very close to a solid wall, lam mar stress 
dominates and IS dependent on the local velocity gradient and vIscosity. In the outer part of the 
boundary layer, turbulent stress dominates. In the overlap region between the two layers, the turbulent 
and laminar stress are of the same order. The turbulent component has been modelled in a variety of 
ways, with Prandtl's mixing length theory probably the most well known (Schhchting 1955). By 
analogy to the laminar stress component, the square-root of the mean product of the fluctuating 
velocity components is assumed to be dependent on the local normal velocity gradient 
Ju'v' = Zdu 
dy 
The mixing length is assumed to be proportional to the normal dIstance from the wall. 
Z = Ky therefore t = -pu'v' = PK2/(du)2 
t dy 
Introducing a new variable called the frictton velOCIty, u*, based on the shear stress at the wall, leads to. 
ft;t du 
u* = ~p = Ky dy 
1. Some texts use u' (u prime) to represent the root-mean-square of the f1uctuatmg velocity (Bruun 
1995) In thIS work, the pnme represents the dIfference between the mstantaneous and mean velOCIty 
component, as in White (1994) 
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Integration of the equation leads to a logarithmic expression for the local mean velocity in terms ofy. 
u = u* (In(y) + C) 
1C 
This logarithmic law of the waIl is applicable through the overlap region of the boundary layer where 
extrapolation to zero velocity would occur at some offset waIl distance, due to the presence of the 
viscous sub-layer. If we assume this distance is proportional to the natural logarithm of the ratIo of 
kinematic viscosity to friction velOCity, 
c = -In(~) 
SubstItution into the preceding equation, leads to the general non-dimenSional form of the law of the 
wall. 
u = ~(ln(y)-ln(~)) on rearrangement leads to 
Two non-dimensional parameters are commonly used to express the law of the wall more succinctly, 
namely: 
+ u u = and 
u* 
+ yu* y = 
v 
leads to 
The proportionality constant, IC, relating the mixing length to the distance from the wall, is often termed 
the Von Karman constant, as the same constant appears in Von Karman's SimilarIty hypothesis for 
turbulent flows, which on solution yields the same universal law of the wall above. This constant has 
been shown empirically to have a value of 0.4 for a range of turbulent flows The intercept constant, 
~, is non-dimensional and is related to the surface roughness of the wall. For smooth walls, ~ IS often 
shown to equal 0.111 (Schlichting 1955) Both these constants are considered to be fairly universal and 
for a measured velocity profile, a fit of the above equation can yield an estimation of the frictIOn 
velocity and therefore the coefficient of skin friction 
c'f= 2(~r 
Clauser (1954) proposed a graphical fit of the data, usmg non-dimensional axis variables and multiple 
lines for different values of skm friction By plotting the measurements on a Clauser chart, the 
approximate skin friction value can be estimated Computer processing allows the application of a least 
squares method to estimate the skin friction value, which yields accurate results much more easily. 
In the viscous sub-layer, where laminar stress dominates, the measurement ofthe velocity gradient will 
give the skm frictIon value. Substitution of the viSCOSity term and integratIOn of the laminar stress 
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component yields the following equatIOn desCribing the velocity distribution in the viscous layer. As 
the velocity IS zero at the surface, the constant of integration IS zero. 
(U*)2 = ~ = vdu 
P dy by integration 
+ + u = y 
In practice, velocity measurements deviate from the viscous layer law at a typical non-dimensIOnal 
wall distance of 5 and follow the logarithmic law from a distance of30 The deviatIDg shape between 
the two law regions is often called the buffer layer, where the wall generated turbulence starts to take 
effect on the velocity profile (White 1994). The logarithmic region is typically within 15% of the 
overall wall boundary layer depth, where Pitot tubes will in most cases be too large to provide sUitably 
accurate dynamic pressure measurement. Therefore, measurements ID this region are confined to off-
axis LDA and hot-wire anemometry, where the measurement volumes are at least an order smaller 
Therefore, to derive a measure of the skin frictton using flow field measurements, requires very 
accurate positioning and attention to detail to obtain useful measurements 
42 1 3 BOUNDARY LAYER PROFILES AND MODELS 
The logarithmic law of the wall has been used by many to non-dimenslonalise boundary layer data. 
Figure 30 and Figure 31 show data taken by Clauser (1954) and Andreopoulos et al. (1984). The 
Clauser data was fitted using a K value of 0 47 and With ~ equal to 0.098. Andreopoulos et al used a K 
of 0.4 and ~ of 0.150. Data taken at different Reynolds' Nos. and positions on test section walls are 
shown to collapse consistently onto the logarithmic law. With measurements close enough to the wall, 
a fit can be applied to the sub-layer. By simple rearrangement of the equatIOns presented earlier, the 
velocity gradient can yield the frictton velocity directly. 
u = (U:} 
The inner law and logarithmic law of the wall model th~ boundary layers adequately. However, the 
outer region of the boundary layer IS affected by the local pressure gradient and wall curvature. Figure 
32 Illustrates the deviation of the outer region, due to a streamwlse pressure gradient Wall curvature 
can affect the velOCity distribution in the outer region similarly, due to changes ID the turbulence 
structure in the boundary layer, as discussed by Ellis and 10ubert (1974). By performing boundary 
layer measurements close to curved walls, in a flexible rectangular sectIOn duct, It was shown that on 
a concave wall, the outer region velOCities fall below the logarithmic law. Across the inner wall, where 
the wall is convex, the outer layer velocity profile rises above the logarithmic region. Generally, the 
convex wall boundary layer profile, contains a smaller logarithmic region, with outer layer deviation 
occurring at a smaller non-dimensional wall distance, when compared to the concave wall flow. 
Figure 33 shows the results ofIrwin (1973) in a wall jet flow, where most of the inner layer fits the 
logarithmic law of the wall, with no discernable outer layer rise seen ID outer driven boundary layers 
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Coles (1956) developed an additive expression to the general logarithmic law, called the law of the 
wake, from observation of wake flows and correlation to outer layer measurements. 
+ 1 + IT 
u = -Iny +B+-w(~) 
1C 1C 
The n parameter was evaluated to equal 0.55 by Coles for flat plate flow. FIgure 34 shows a 
description of the graphIcal meanmg of this parameter. The wake function was evaluated using the 
measurement at the pomt of parallel gradIent of the outer layer velOCIty distribution to the logarIthmic 
region, as shown by the higher chain dotted hne in Figure 34. For most measurements this pomt almost 
coincides with the boundary layer edge. Given a velocity profile and by calculatmg the displacement 
thickness through numerical integration, the n parameter can be estimated from the followmg 
equation 
Musker (1979) presents a fit to the Coles' law of the wake, allowing complete modelling of the 
turbulent boundary layer profile with an explicit expression. Musker draws together work from several 
researchers to approximate the wake function using a polynomial in normal distance from wall With 
some integration and algebra, Musker retums an expression for the non-dimenslOnalised velOCIty 
based on the "standard" values for the Von KarrnAn constant, 1(, and ~ of 0 41 and 0.111. 
u+ = 5.424atan[2Y -S.15J+Iog (y + 10.6) + [+ 96 1 
16.7 «/)2 _ 8.15/ + 86) 2 
Fitting to Musker's expression may yield a more accurate measure of the friction velocity, since all the 
data within the boundary layer can be used. 
42 1 4 TURBULeNCE AND HIGHER ORDER STATISTICS 
The turbulence mtenslty is a relative measure of the velocity fluctuations with respect to the mean 
velocity. The turbulence outside the influence of the wall, in the core region of the flow would be 
expected to be low and increase as the wall is approached. The flow across the wall will generate 
turbulence that propagates away from the wall through the viscous sub-layer. Pressure fluctuation in 
the outer layer will also propagate turbulence towards the wall, as phYSIcally described by Hmze 
(1959). Therefore the turbulence intensity wlthm the buffer and outer part of the inner layer would be 
expected to be highest, WIth the combination of the wall generated and outer layer perturbatIOn 
The turbulent fluctuations are calculated using the statistical variance, as it is a measure of the spread 
ofthe histogram of the velOCIty. This is the second statistical moment of the data sample. Higher order 
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moments describe slightly different aspects of the velocity distribution. The thIrd moment, or 
skewness, describes the degree of skew in the distribution, whether the tails to the side of the mean 
value in the histogram are of different area. The fourth moment, or kurtosis, is often termed the flatness 
factor and describes the shape of the distribution. Figure 35 shows two examples of velocity time 
histories with different levels of kurtosis (Bruun 1996). A velocity histogram with high kurtosis, is 
dominated by a narrow band around the mean, with low long tails. A histogram with low kurtosis, has 
a much fuller shape, tending towards a rectangle. A high level ofkurtosls signifies damped intermittent 
turbulent fluctuations, typically of flow outside the influence of a wall or in the viscous sub-layer. 
Figure 36, Figure 37 and Figure 38 shows skewness and kurtosis measurements by Alfredsson et al 
(1988) and Andreopoulos et al. (1984). The skewness is shown to drop from a poslllve value m the 
viscous sub-layer to near zero in the logarithmiC layer, and then fall in the outer layer. The kurtosis 
tends to form a V-shape, with high values in the VISCOUS layer and outer layer, as the turbulence IS 
intermittent. In the logarithmic region, the kurtosls value IS just less than 3, where 3 is the value of 
kurtosis for a normal distribution. 
4.2.2 JET FLOW ATTACHMENT 
4 2 2 1 GENERAL FLOW FIELD 
Figure 4 illustrates a section through the jet flow emanating from an offset, slightly oblique jet outlet 
and the axis convention used. The flow leaves the outlet, With the dotted lines representing the bounds 
of the potential core regIOn, and bends towards the glass surface. The inner streamline attaches to the 
wall and closes a reclrculation vortex upstream. The pressure difference between the recirculallon 
vortex and the quiescent air, causes the whole jet field to deflect towards the surface The outer 
streamline grows away from the centre line of the flow given by the chain dotted line, as air IS entrained 
from the quiescent surroundings. Just prior to attachment, the Jet flow experiences a rising streamwise 
pressure gradient, as the solid wall is approached, causing the flow to decelerate. In the attachment 
region, the flow accelerates along the wall as the pressure reduces Downstream, where all the flow is 
attached to the sohd surface, the pressure gradient tends to zero and the outer mixing layer and inner 
boundary layer coalesce to form a wall jet profile. 
These flow features are illustrated by the measurements ofNasr and Lai (1998) in the attachmg flow 
emanating from a 2-D plane parallel offset jet, with a small offset ratio of2.125. In a 2-D flow, the jet 
is restrained using plates parallel to the x-y plane at the periphery of jet outlet, at z = L/2. The 
attachment length is shown to match a collection of other researchers work, where 2-D attachment can 
be calculated from the offset ratio using the equation below. For the Jet studied on the interior of the 
glass surface, with an offset of 12, the attachment length would be approximately equal to 21.8 jet 
Widths This assumes the jet to be 2-D and parallel offset 
- = 2.632 -(x) (H)08SI D att D 
Pelfrey and Liburdy (1986) conducted LOA measurements downstream of a parallel offset 2-D jet, 
with an offset ratio of 7. The LOA measurements confirmed the shape, attachment and position of 
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recirculation discussed by others and above. However, Preston tube measurements were made near the 
attachment region and into the wall jet region The shear stress was shown to be very high in the 
attachment region with a rapid drop off just prior to the wall jet region with increasing x and then a 
very steady rise through the wall jet region. The wall-jet region was shown to begin 7 jet widths 
downstream of attachment. 
Parameswaran and Alpay (1975) presented shear stress measurements downstream of an attaching 
plane parallel 2-D jet. For a maximum offset ratio of 7, the maximum shear stress occurs at 
approximately 22 jet widths downstream, with zero shear stress at the attachment of the dividing 
streamline. 
4222 3-D JETS AND COMPARABLE WORK 
There is little literature on 3-D attaching jets, apart from the heat and mass transfer measurements 
discussed in Chapter 2, when compared to the wealth of literature on 2-D jets The end plates used in 
2-D work, primarily suppress any circumferential vortex rmgs, around the jet flow. In theory, the low 
pressure in the recirculation region will be reheved in the 3-D case, by flow m the z direction due to 
circumferential mixing Therefore, 3-D jets will have longer attachment lengths, when compared to 2-
D jets of similar aspect ratio and offset ratio. 
This effect was shown by Tsitouras and Jiji (1986), with surface pressure measurements on the wall, 
offset from 2-D and 3-D jets. The maximum wall static pressure was much less for the 3-D jet of the 
same offset as the 2-D, due to lateral entrainment of quiescent fluid. Contours of surface pressure also 
showed kidney shaped contours particularly near the maximum pressure, downstream of attachment. 
The negative pressure contours in the recirculation region were almost figure of eight shaped, with the 
waist on the jet centre line. 
ThiS lateral entrainment affects the core velocity deceleratIOn With streamwlse distance, as shown by 
Sforza and Herbst (1970) in their work on 3-D wall Jet flows. The measurements showed how the 
lateral and wall normal entrainment parameters were dependent on the aspect ratio of the wall jets. 
From this limited review of the 3-D work, the measurements seen in the 2-D offset jet work can be 
expected in the 3-D case, but to a much lower magmtude, due to differmg entrainment and pressure 
recovery. The attachment length of 21 8 may be expected to be slightly shorter, due to the 20° 
impingement angle. However, due to pressure relief in the recirculation region, the attachment length 
may be expected to be shghtly longer. Starting the intenor boundary layer measurements from around 
25 widths, should ensure attached flow and place the traverse in the attachment region ofthe jet flow. 
Measurements at the downstream edge ofthe glass, which is 64 widths downstream would be expected 
to be m the wall Jet region of the attached flow 
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4.3 EXPERIMENT 
4.3.1 EXTERIOR BOUNDARY LAYER 
43 1 1 ApPARATUS 
To gain access to the exterior cIrcuit, the glass was replaced by a 25mm thIck MDF board, with the 
exterior facing surface finished with numerous coats ofFurane and pohshed to a glass-hke finish. The 
exterior surface topography was also matched to the glass, with an additIOnal metal strip, 2mm thick 
and 20mm wide applied around the perimeter. This rephcated the surround that framed the laminated 
glass The polished surface and metal surround ensured the flow conditions were the same through the 
exterior circuit as when the glass is fitted m the test section. 
A manual traverse mechanism was used to traverse the hot-wire probe through the board, as shown in 
Figure 39. This featured a 2mm screw pitch and fully adjustable clamp, to allow precise location of the 
probe holder. As the polished surface of the board had to be mamtained, if the measurements were to 
represent the flow across the exterior surface of the glass, the furthest downstream measurements were 
conducted first. A shding fit hole was dnlled to allow the hot-wire probe holder to pass through and a 
static wall tappmg was also located, 25mm upstream of the traverse hole, offset normal to the flow 
direction by 120mm. This dnlling was carried out prior to each separate traverse and the tests 
completed In an upstream manner. This all ensured the wall surface upstream of the measurement 
location to be free from any disturbance, apart from the intended metal surround. Five streamwlse 
locations along the horizontal centre line of the test glass were studied, at distances from the jet outlet 
of 10.4,23,35.5,47.7 and 60 jet widths. 
A Pltottube with a circular open end of 0 8mm outside diameter, set 25mm upstream of the main stem, 
was used to cahbrate the exterior Circuit prior to hot-Wire cahbration. A Fumess digital pressure 
manometer, with a 0.1 mmH20 resolution and +/- 100 mmH20 range, was used to provide a dynamiC 
pressure measurement between the Pltot and corresponding static wall tapping 
For precise measurement of the displacement of the hot-wire probe in the manual traverse, the 
measurements withIn 6mm of the surface were conducted using a dial gauge clamped to the screw 
traverse body (Figure 39). ThiS gauge had a range of 10mm and an incremental resolution of 0 Olmm, 
however readIngs to within 2 microns could be achieved by eye 
The boundary layer measurements were conducted using a Dantec 55PI4 boundary layer type probe 
(Figure 22). This was attached to a probe holder, approximately 220mm long, and electrically 
connected to a bridge circuit in a Dantec StreamLme constant temperature anemometer. The 
manufacturer supplied therrmstor-based temperature probe was also used and positioned through a 
hole in the same streamwise location as the hot-wire, but offset by 250mm and set to a depth of25mm 
into the exterior duct. 
All the transducer measurements were taken through a 12-bit data acquisition board, featuring a 
sample-and-hold cirCUit The board was contamed m the same Pentium 200MHz PC as communicated 
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with the StreamLine anemometer. The data was acquired using software WrItten in National 
Instruments Lab VIEW and each data point was appended to a general mean data file. 
4 3 1.2 METHOD 
1. The wooden board was drilled to produce a sliding fit for the 4mm probe holder, at the desired 
streamwise location and a static wall tapping fitted 25mm upstream of the hole and orthogonally 
offset by 120mm. 
2. The traverse was screwed to the interior side of the board and the Pitot tube threaded through the 
hole and traverse clamp from the exterior surface. The centre of the Pltot tube was set to 25mm 
from the exterIor surface. This positIOn placed the probe in the lateral centre of the duct It was 
measured to within O.5mm and the Pitot was aligned with the stream parallel edges of the board by 
eye. 
3. The exterior circuit chiller unit was set to produce an air temperature equal to the laboratory 
temperature. The exterior fan speed was remotely controlled using another PC and serial hnk. The 
pressure manometer was set to zero, before cahbratmg the circuit. 
4. The fan was run through a range of velocities, typically from 15% to 100% demand in 10 
increments. Using the flow temperature recorded by the StreamLine thennistor probe and 
laboratory ambient pressure, the velocity was calculated from the dynamic pressure measurement. 
Typically, the core flow velocity had a linear relationship with the fan input speed 
5. Once the circuit was cahbrated, the pressure tubes were disconnected and the board removed from 
the test section. The Pitot was removed. 
6. The hot-Wire probe holder was introduced through the board and clamped mto positIOn The hot-
wire probe was located in the locking collar of the holder and set to a distance of 25mm from the 
exterior surface, again to within O.5mm. The prongs were aligned with the stream parallel board 
edges as before. 
7. The board was carefully locked back mto position in the test faCility and the hot-wire probe was 
connected to the bridge circuit. With the fan off and all connections fastened and isolated from one 
another, the bridge circuit was balanced using the Stream W are software accompanymg the 
hardware. Library values were used for the holder and connector reslstances, as all the hardware 
was standard Dantec eqUipment and shorting probe fittmg would be difficult in the circumstance. 
Once balanced, the brIdge circuit was left in the operate mode until the end of the test 
8. A I kHz square wave perturbation was apphed to the wire circUitry usmg the test facility in the 
software. The bridge feedback amplifier was adjusted to produce the shortest time response to the 
square wave input, with the least amount of oscillation, with the fan set to 40% speed Typically, 
the overshoot length gave an approximate cut-off frequency of 125kHz, using a gain of 13 in the 
feedback amplifier A check was made at lower fan speeds to rephcate the mean velocity 
reduction in the boundary layer, and the minimum response was typically estimated to 65kHz. 
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9. The wire was calibrated usmg the fan speed cahbration calculated previously. All the 
measurements were to take place at 40% fan demand, therefore the hot-wire calibration velocity 
range centred around this point. The velocity range was typically 2.5 to 12m/s. The Stream Ware 
cahbratlon software was used, with temperature compensation chosen as the varying velocity was 
known to produce a fluctuating temperature, even with the chiller turned on. 
10. Typically, 15 equally spaced constant fan speeds were used to evaluate the hot-wire calibration. 
The hot-wire voltages were sampled at 1kHz and averaged over 4096 samples for each point. The 
calibration software included optimization software to calculate the coefficients of King's Law. 
I I .After calibration, the fan was set to a steady 40% demand and the King's Law coefficients entered 
into the data acquisition software. 
12 The signal conditioner section of the anemometer software was used to view the hot-wire 
response, as through an OSCilloscope. The 5V range was maXimised with pertinent selectIOn of 
voltage offset and gain. A 10kHz low-pass filter was also applied. 
13.The offset and gain were entered to the data acquisitIOn software, to correct the voltage back to a 
form to apply to King's Law The probe pOSition was also entered and the data acquisition started 
using a 20kHz sampling rate, with a time history length of 32768 samples and 50 repeats. The 
calculated data was appended to a data file. 
14. The probe was moved to the next poSition using the turn screw of the traverse and the method 
repeated from 12, until the wire was within 6mm of the exterior surface. 
15. The fan was turned off and the system left to attam quiescence, measured by viewing the hot-wire 
response on the software signal conditioner window. 
16. The dial gauge was fastened to the clamp of the traverse, to effectively measure the distance 
between the clamp and the interior surface of the board. The gauge was approximately set to a 
compressIOn greater than 6mm, therefore allowing measurement right up to contact between the 
probe and surface. 
17.Wlth the fan off, successive wind-off voltage measurements were recorded by hand, using the 
mean value given in the signal conditIOner window. The offset and gain were again adjusted to 
improve resolutIOn. The probe was slowly wound in towards the surface, with rest times of at least 
30 seconds, to allow the voltage to reach a steady reading The mcrement size was determined 
through practice, as it depended on the distance to the board surface. The largest increments were 
typically Imm, reducing to single wire diameters when the wind-off readmg was very high, 
SignifYing close wall proximity. 
18 Once the wmd-off readmg reached a constant value, or reduced due to shght deflection of the 
prongs on the hole edge, the fan was turned on and the method repeated from 12, With the probe 
moved in increasmg increments to a pomt when the last position without the dial gauge was 
reached at 14. 
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4.3.2 INTERIOR WALL FLOW 
432 1 ApPARATUS 
The hot-wire probe and holder were to be completely sealed mside the test section, for the interior flow 
measurements Therefore a stepper motor driven traverse mechanzsm was used to remotely control the 
posItion of the hot-wire probe. Only the horizontal arm of the traverse was used, which had a range of 
198mm and the combinatzon of motor and lead screw produced a step size of20 microns However, 
due to slip in the motor at small step demands, this step size could be as small as 10 microns. Full 
remote control was therefore difficult, as the traverse was designed to run in a fifth scale wind tunnel 
and not for such small steps, so the dial gauge was attached to the horizontal arm and viewed remotely 
using a monochrome CCD camera. A view of the traverse and hot-WIre probe is gIven in Figure 40 
The traverse was jogged into position remotely using some driver software written in Microsoft 
QUlckBasic. Frames from the CCD camera were viewed as a contmuous video Image using National 
Instruments IMAQ driver software on the PC used or the full control and misting measurements in the 
test facility. 
The horizontal arm of the traverse was set square to the glass surface prior to all the interior tests. The 
track orthogonal to the horizontal arm on the traverse was measured to be withm 0 2mm parallel with 
the glass surface, WIthin the 580mm of the glass length This small error was due to curvature in the 
traverse and therefore, the probe can be considered to be traversed normal to the glass within negligible 
error bounds. 
Four streamwise locations were chosen for the interIOr wall flow measurements. The first was chosen 
to be far enough downstream of the attachment point, to be free of flow reversal and obtain correct 
measurement from the probe, yet obtain measurements in the impingement region ofthe jet flow. The 
three further downstream were selected to align with the three most downstream in the exterior cirCUIt. 
The four locations were along the x-axis at non-dImensional downstream distances from the jet outlet 
of28, 35.5, 47 7 and 60 jet widths 
The pendulum calibrator was used to cahbrate the same hot-wire probe as used in the exterior 
measurements, over a maximum swing angle of 70°. This gave a velOCIty range of 0.1 to 4.2m/s and 
the King's Law fit was obtamed from 20 repeat swings. 
4322 METHOD 
The hot-wire probe was first set up in the pendulum, WIth the rotating part of the pendulum set to align 
the prongs WIth the flow dIrectIOn. The method used for cahbratzon is outlined in Chapter 3. Once 
calibrated the following method was employed to obtain the interior flow measurements. 
I. After cahbration, the hot-wire was removed from the pendulum by the traverse arm attached to the 
bottom of the cahbrator, therefore maintaining the spatial and directional relation of the wIre 
element to the arm and ensuring calibration validity. 
2. The bridge circuit was left in operate mode and the hot-wire, holder and arm manipulated to pass 
through the porthole In the door of the test section, WIthout dIsconnecting any cables The arm was 
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fastened to the traverse ann using a single machine screw, with posItive location on a milled 
groove. 
3. The hot-WIre was moved towards the glass, until it was within 10mm of the surface, measured 
approximately using a rule Once set, the dial gauge was fastened to the traverse to read the 
displacement between the end of the ann and the stationary sllder on the vertical track of the 
traverse. ThIs led to gauge compression as the wIre moves away from the glass The dial gauge 
face was viewed by the camera. The camera was fastened to the hOrizontal arm as well, so the 
Image aspect was the same for all measurements. 
4. With the demist and interior circuit chillers running to ensure the same temperature m the test 
section as the laboratory, where the hot-wire circUIt was balanced, the wind off measurements 
were conducted, usmg the signal conditioner software used before m the exterior measurements. 
5 The wire was moved towards the glass in decreasing increments, untIl the hot-wire voltage 
dropped due to contact between the wire and surface. Each wind-off reading was entered dIrectly 
into a spreadsheet and again typically a rest time of 30 seconds used to allow the wire to attain 
steady heat loss. 
6. At the closest position to the glass surface, the fans were turned on. The demist fan was set at 90% 
demand, corresponding to the highest flow rate studied prevIously. The intenor fan was set to 20% 
demand, to provIde the cabm air flow as in the demisting and IR measurements 
7. The King's Law coefficients obtamed from the pendulum calibration were entered in the data 
acqUIsition software, together WIth the offset and gam set on the anemometer. 
8. Data was sampled at 10kHz, with 32768 samples, repeated 50 times. The averaged flow statIstics 
were appended to a data file as before, with the wire posItion read from the video image of the dIal 
gauge. 
9. The traverse was jogged, to move the wire away from the glass surface and the test repeated. 
For measurements outside I Omm from the glass surface, the dial gauge and camera were removed and 
the traverse operated "blind", as the step size was consistent for mcrements greater than 0.1 mm. These 
outer region measurements were all conducted on the same day and using one calibratIOn, numbered 
5 in the deSCription of the pendulum in Chapter 3. 
4.3.3 CALCULATION 
During the data acqUIsition, the voltage time histones were converted to velocIty using Kmg's Law at 
each data point. Apart from the voltage recorded from the thermistor probe, which was averaged 
overall, only four statistics were ensemble averaged, these were the mean, mean of the square of each 
value, mean of the cube of each value and a mean of the value raised to the four. The four averaged 
statistics allowed accurate calculation of the mean, turbulence mtenslty, skewness and kurtosis of the 
measured velocity. The following equations were used to calculate the overall statistics. The skewness 
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and kurtosis values were non-dimensionalised using the mean square of the fluctuation raised to 
correct power. A normal distribution has a kurtosls of 3, when calculated m this method. This IS 
common practice in flow measurement presentations as shown by Alfredsson et al (1988) and others 
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No temperature compensation was applied to the hot-wire measurements, as the temperature drift of 
the measured air flows was expected to be small. The overall average temperature was calculated by 
ensembling all the recorded voltages from the thermistor probe. Throughout the exterior 
measurements, the temperature varied by less than O.8K, With the aid of the chiller unit. For the mterior 
measurements, the temperature varied less than OAK. 
The wind-off values and flow measurement data files were transferred to a spreadsheet, where most of 
the data was manipulated. The wind-off values were converted to the bridge voltage, by dividing by 
the gain and adding the offset. The mean velocity values were corrected for wall proximity. This was 
achieved by fitting the wind-off readings using a polynomial expression against normal wall distance. 
The subsequent mean velocity values were converted back to a bridge voltage using the corresponding 
King's Law coefficients and the mcrease in wind-off voltage from the effect of the conductive loss to 
the wall was subtracted from the measured mean voltage. This was calculated using the normal wall 
distance of the measurement to be corrected and the polynomial fit. The corrected mean voltage was 
passed back through Kmg's Law to give the corrected velOCity value. 
To obtain the friction velocity using either the inner law, logarithmic law or Musker's expreSSIOn, a 
variable metric optimization routme was used to minimize the normalzsed error m the calculated non-
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dimensIOnal velocity, as defined below. The "standard" 1C and ~ values were applied to the fits to obtam 
the friction velocity, u'. 
The displacement and momentum thicknesses were calculated using numerical integration by the 
trapezoidal rule, of the deficit in the boundary layer profile The equations used for the displacement 
thickness and similarly for the momentum thickness were: 
4.4 RESULTS AND DISCUSSION 
4.4.1 CALIBRATION 
The probe was calibrated prior to each traverse, using either the central exterior circuit flow or the 
pendulum calibrator. Table X hsts the coefficients used m each set of measurements. The exterior 
calibration was conducted over a typical velocity range of2.5 to 20m/s, with the pendulum calibration 
conducted over 0.13 to 4.2m1s. 
CircUit HID A B n 
exterior 10.4 1.056 1.251 0.386 
23 0422 1.810 0309 
35.5 1.060 1.322 0.361 
47.7 0.721 1.544 0.336 
60 1.209 1 154 0.395 
mtenor 28 I 921 0532 0645 
35.5 1.967 0525 0652 
477 1.915 0.557 0625 
60 1.924 0565 0626 
TABLE X CalzbratlOn coeffiCients 
The values illustrate the effect of the velocity range, with the index n much smaller tendmg towards 
0.3 for the faster exterior velocity range. The pendulum calibratIOn produces more consistency in the 
actual figures. Each of the exterior calibrations were corrected for temperature change, as the varying 
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velocity through the exterior circuit did alter the flow temperature, even though the air conditioning 
system was operational. 
4.4.2 WIND-OFF CORRECTION METHOD 
442.1 GENERAL OBSERVATION 
Figure 41 illustrates the 9 sets of wind-off traverses taken prior to the measurements, but after 
calIbration. The horizontal axis represents the true distance between the wire element and the solid 
surface and is shown in a logarithmic scale to reveal the measurements very close to the glass. 
A similar trend was noted on both sides of the glass. At normal distances greater than 6mm from the 
glass surface, the voltage from the hot-Wire bridge cirCUit was steady, but very slight fluctuallons were 
noted thought to be due to slight convection currents in the test facility. However, moving closer to the 
glass the wire voltage dropped. Originally thought to stem from a slow convection response after 
incremental motion in the traverse, further measurements with minutes of settling time were shown to 
produce the same trend As the wire rests in still air, the Wire Will lose heat to the flUid through free 
convection and to the prongs through conduction. Assuming this conducllon and any radiative loss to 
be negligible, as the wire is moved close to a surface, the free convection plume rising from the Wire 
Will be disturbed. As the wall is approached, the plume will be blocked on the solid surface side, 
reducing the convection from the wire. This has not been seen or mentioned in other literature. 
However, given the consistency ofthe trend throughout the wind-off measurements, it would seem a 
viable and reasonable explanallon. 
Within typically I mm ofthe glass, the hot-wire voltage rises, as the wire loses heat through conduction 
to the solId surface. As seen in Figure 41, the interior wind-off readings gave a higher response to the 
wall prOXimity, due to the different surface thermal conductivities. The interior measurements were 
made next to the test glass used for the demisting and IR measurements This has a higher conductivity 
than the MDF board used for the exterior surface measurements, that replaced the test glass 
4.42.2 CORRECTION FITS 
The hot-wire measurements were corrected using a fit of the wind-off voltages withm, typically, 
o 6mm. This removed the suggested free convection blockage effect from the correction, as this would 
not occur during the measurements, due to the strength of the forced flow. Also, the wind-offvoltages 
allowed correction for the actual distance between the wire and the surface. As shown by Vagt and 
Femholz (1979) in Figure 42, any drop in the wire voltage as the probe is traversed towards the surface, 
is most likely due to uneven contact ofthe wire to the surface. For the interior measurements, the wire 
was brought towards the surface from the free side, and the wire could be brought into contact with the 
glass. When this happened the wire voltage remained the same or dropped, and effectively provided a 
zero point to reference the distance measurements. A simplIfied sketch is shown in Figure 43 For the 
exterior measurements, the right angled hot-wire probe was traversed through the surface and the hot-
wire element could not be brought mto surface contact. The inside bend on the prongs would foul on 
the hole edge, before the wire element was withm typically 20 diameters of the surface. The lack of an 
absolute reference pomt for the exterior measurements, led to an iterative adjustment of the recorded 
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dial readings during the traverses, by fitting the subsequent boundary layer profiles through zero 
velocity at contact with the wall. These fits showed that the wire was within 115 microns of the glass, 
for the closest wall measurement in the exterior circuit. This lack of contact was disappomtmg, smce 
measurements very close to the surface would allow resolutIOn of the VISCOUS sub-layer, as was 
possible on the mterior surface. 
The conductive heat loss regions for the interior measurements were fitted using a cubic polynomial 
expression. Variation in the characteristic between each set of measurements was expected, due to 
inhomogenity in the glass thermal characteristics and varymg laboratory temperature between each 
day of tests. Each traverse was therefore fitted separately and the reference point Yielded from the 
voltage drop at contact. The exterior surface measurements were fitted usmg a quadratic polynomial, 
again with a separate fit used for each traverse. 
Figure 44 and Figure 45 show examples of the wind-off trend and the polynomial fits apphed to the 
data. The point of heat conduction influence, and hence the junction between the curve and flat line 
shown in the figures, was taken as the pomt when the wmd-off voltage reached the outer level, i.e. 
when the blocked free convection effect was overcome. In the exterior duct, an average value of the 
outer region wind-off voltage was used to sigmfY the start of the correction region. On the interior 
surface, the first recorded wmd-off voltage was used, as these traverses only extended to typically 
8mm from the glass surface and the effect of the free convection blockage was eVident soon after 
traversing the probe to the surface. 
The mean velocity recorded during each measurement was converted back to a hot-wire voltage, usmg 
the King's Law expression, and the voltage was corrected using the polynomial wmd-offfits. The new 
voltage was reconverted to a mean velocity using the inversion of King's Law. The higher order 
statistics are presented in their raw uncorrected form, but some correction is attempted on the 
turbulence (second-order) data and discussed later. Figure 46 shows the effect of correction on near-
wall velocity measurements at two different poSitions. The effect of the correction is evident, with the 
raw traces showing too high a velocity value near the wall The correction IS shown to take effect at 
o 04 non-dimensional normal distance for both positions The correction near the mterior surface IS 
greater, with velocity changes of up to 10% of the freestream velOCity, as the glass has the higher 
thermal conductivIty. 
4.4.3 EXTERIOR SURFACE FLOW 
443 1 MEAN BOUNDARY LAYER AND LOGARITHMIC LAW FIT 
Figure 47 shows the measured and corrected velocity profiles close to the exterior surface of the glass 
at the five different downstream locatIOns Each of the boundary layers have full profiles, consIstent 
with the turbulent regime. The most upstream measurements were made 40mm downstream of a step, 
formed from the 2mm thick metal Strip surround on the exterior surface of the glass. The flow is seen 
to be attached and consistent with the profiles further down the glass surface. 
FIgure 48 Illustrates the data presented in law ofthe wall form. The solId hnes refer to the logarithmic 
and inner laws With the data presented on separate vertical axes The axes from left to rIght refer to the 
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plots from top to bottom. The data IS shown to fit the logarithmic region and outer most part of the 
inner law well. The length of the logarithmic region is shown to increase with downstream dIstance. 
The more usual fits to the logarithmic law show the outer region to give greater values of u+ than the 
wall law, with the difference dependent on the pressure gradIent. The upstream step would lead to a 
slight static pressure rise in the duct, but further downstream the static pressure would be expected to 
drop, as the boundary layers grow on all the walls and the core velocIty rises The data does show slight 
scatter, most likely due to temperature variation in the flow. No temperature correction was applied to 
any of the data taken, as the air condItioning system was set to provide fluid temperatures eqUIvalent 
to that when the bridge was balanced and the wire calibrated. However, the slight 0 8K fluctuation 
would affect the mean hot-wire voltage and a slight oscillation in the resultmg measurements are noted, 
as the measurements were successively taken wIth increasing normal wall distances. 
4 4 3.2 TURBULENCE AND HIGHER MOMENTS 
Figure 49 illustrates the variation in turbulence intensity with non-dimensionalised wall distance for 
the five downstream locations. Again the vertical axes from left to right represent the plots from top to 
bottom. The turbulence intensity generally increases wIth reducing distance to the exterior glass 
surface Also, the core turbulence intensity in the exterior duct appears to fall slightly wIth increasmg 
streamwise distance. Typically, the turbulence intensity in the centre of the duct IS 12.5% atxlD of23 
and drops to 9.5% at an xlD of 60. The turbulence mtensity also reduces more monotonically away 
from the wall at longer streamwise distance as the flow tends towards full development. At the shorter 
streamwise distances, there is a definite dip in the measured turbulence intensity at approximately y+ 
values of250, 300 and 400 for xlD values of 10.4,23 and 35 5 respectively. This probably signifies 
the edge of the boundary layer and wall generated turbulence. The plot at xlD of 1 0.4, also has a slight 
flat portIon at approximately y+ of80. This may be due to outer layer flow direction towards the glass 
surface, as there is a right-angled contractmg corner ending about 1 to 1.5 duct widths upstream (see 
FIgure 6) 
Figure 50 shows the change in skewness with normal wall distance. All the positions show similar 
overall trends of posItive values of approximately 0 6 withm the buffer and sub-layer, below y+ values 
of 10, and reduce to a skewness of -0.4 at y + of -700 However, the measurements at the shortest 
streamwise distance show a peculiar rise from a low dip of -0 6 at y+ of 200 to about -0.1 in the duct 
centre. ThIS may be due to the step at the glass upstream edge, affectmg the core flow or the upstream 
nature of the contracting elbow in the exterior duct, as suggested by the turbulence trend as well. 
Figure 51 shows the distribution in kurtosls with normal wall distance Each downstream location 
shows a consistent trend of increased kurtosis towards the core flow and towards the buffer and sub-
layer. At larger wall distances, this is due to increased outer layer mixmg and more intermittent 
turbulence than in more evenly distributed wall generated turbulence in the logarithmic region. 
Moving towards the buffer layer and viscous region, the turbulence damps out with effective 
increasing viscosity as the wall IS approached, again raising the kurtosis The measurements only touch 
on this effect, due to problems in traversing the probe very close to the wall as shown in FIgure 43. 
Both sets of skewness and kurtosis measurements compare well WIth work by Alfredsson et a!. (1988) 
and Andreopoulos et a!. (1984) discussed earlier 
Measurement of the skm frictIOn coefficIent of glass 57 
An Indirect EstImatIOn of AutomotIve DemIster Performance 
4433 BOUNDARY LAYER PARAMETERS 
Figure 52 illustrates the boundary layer profiles fitted using Musker's explicit expression for turbulent 
wall flows. The data is plotted within the thickness of the boundary layer only. The wake function part 
was calculated using the displacement thickness, overall thickness and freestream velocity. Musker's 
expression fits well at each streamwlse locatiOn, with only the furthest upstream data showing small 
deviation, again most hkely due to core flow variation from the upstream corner and step 
Table XI shows the calculated parameters from each of the boundary layer profiles. Figure 53 shows 
the boundary layer profiles for each pOSItion, normahsed usmg the thickness and freestream velocity 
Also shown on the top and right axis IS the velocity defect form ofthe boundary layer using the friction 
velocity calculated from Musker's law. 
The freestream velocity represents the velOCity at the edge of the boundary layer, although there is no 
discernible dIfference between that and the core velocity pastxlDof35.5. The two fit equations applied 
to the data produce the same trend in friction velOCity, but Musker's equation tends to overestimate in 
comparison with the simple log law. The wake parameter, n, is negative throughout - reflecting in the 
data of Figure 48, where the outer layer has u+ values less than that given by the log law at the same 
non-dimensional wall distance. 
xlD u· Eu+ U~ /l /l. e H u· n Eu+ (log law) ("Al) (Musker) (%) 
10.4 0499 0006 8.045 6.563 0330 0286 1 16 0524 -0684 0.068 
23 0490 0003 8.040 8.002 0569 0338 1.68 0511 -0.542 0051 
35.5 0.469 0006 8.160 8.209 0.775 0.491 I 58 0485 -0348 0026 
47.7 0471 0012 8261 10.969 0.845 0549 1.54 0487 -0.464 0033 
60 0450 0005 8.320 13.490 I.I50 0.795 145 0.469 -0.380 0018 
TABLE XI Calculated boundary layer parameters for the exterIOr flow 
The greatest difficulty m the calculation of the above values was the boundary layer thickness, /l, as 
there was insufficient measurement denSity near the boundary layer edge. The calculation of the 
displacement and momentum thicknesses are a little more consistent, with growth in the downstream 
directions and slight change m the shape factor, with upstream values probably affected by the 
upstream step and corner flow. The wake flow parameter, n, was calculated using the Coles' 
expression with the calculated displacement thickness and boundary layer thIckness Due to lack of 
point density and fluctuation in the mean velOCity, particularly in the outer layer, this value is hard to 
estImate and therefore, n varies but with no particular trend. The n parameter IS always negative, as 
suggested by the logarithmic law fits m Figure 48 and with reference to the definition shown in FIgure 
34 Musker's fit does give friction velocity values with the same streamwlse trend as the log fit, but 
with slightly higher values and larger normalised error in u+. The logarithmic fits shown in Figure 48 
are very good and reflect in the calculated error values shown in Table XI Therefore, the friction 
velOCity derived from the log law will only be considered in this case. 
Measurement of the skin frIction coefficient of glass 58 
An Indirect Estimation of AutomotIve Demister Performance 
4.4.4 INTERIOR SURFACE FLOW 
4441 MEAN BOUNDARY LAYER AND LAW FITS 
Figure 54 shows the mean velocity profiles along the interior surface of the glass As well as in the 
boundary layer region, the outer layer traverse has been included to view the change in flow field with 
downstream distance. The profile changes from the flat fronted profile at the shortest streamwise 
location of28 to a continuous curve further downstream. This signifies the transition of the attachmg 
Jet flow to a wall jet It appears all the measurements taken are within this transition region. 
Figure 55 illustrates the mean velocity profiles fitted With the universal logarithmic law The 
measurements are shown to cover most of the viscous sub-layer, with the hot-wire probe operated 
extremely close to the glass surface. The mixing layer regions are clearly visible, with the drop in u+ 
at larger normal distance The data from xlD of 28 does not appear to have any logarithmic region. 
Indeed, progressing downstream the flow profile only starts to produce a logarithmic region at xlD of 
60. Therefore, the friction velocities have been calculated from least square fits in the VISCOUS sub-
layer. 
The measurements very close to the glass, at less than y+ values of 4, seem to fall under the inner law 
profile. This is perhaps due to excessive correction due to heat conduction to the wall. Figure 56 shows 
a simple sketch of the conductmg heat loss to the wall from the hot-wire. Under still air conditions, the 
assumption of heat loss due to conduction from the wire to the wall IS shown simply on the left as a 
linear temperature gradient When the air is driven, the air between the wire and wall will be cooled 
and take on a temperature profile similar to that on the right of Figure 56. Therefore, the heat loss will 
drop and the wind-off correction may be too severe, as perhaps the inner law fits show. 
4 4 4 2 TURBULENCE AND HIGHER MOMENTS 
The turbulence distributions in the boundary layer next to the interior surface show consistent trends 
with stream wise location. Figure 57 Illustrates the turbulence intensity for the 4 traverses made near 
the interior surface. All the plots peak in the viscous sub-layer and have minima m the core flow or 
inner edge of the outer mixing layer. The transition from the flat core flow downstream of attachment 
is shown clearly m the turbulence distribution atxlD of28. ThIS changes to the continuous curved plot 
at xlD of 60. All the traverses produce the same trends WIthin ay + value of 100, above this value 
measurements are within the core of the attaching jet flow. 
The core turbulence intensity atxlD of28 is approximately 20%. This reduces slightly for xlD of35.5 
and 47.7, but rises downstream as the free mixing layer and inner boundary layer begin to coalesce. 
The plot at xlD of 60 shows the largest turbulence in the sub-layer with a level as high as 60%. The 
drop-off in turbulence would be expected as the no slip condItion at the wall is approached However, 
this drop off could be related to the lack of wind -off correction on the turbulence measurements. With 
reference to Figure 58, if the extra conductive loss is considered to only act on the mean voltage and 
the fluctuation due to the flow remains the same, the calculated root-mean-square of velocity will be 
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derived from the wrong point on the cahbration curve. The fluctuating components can be shown to 
approximately ratio as the gradient. 
~ dE ~ tJe'· = -tJu'· 
dU 
where 
The gradient can be calculated using the analytic differential of King's Law in U. Therefore, the root-
mean square value has been recalculated uSing the raw velocity and turbulence Intensity Using the 
above equation and uncorrected voltage and velocity value, the root-mean-square of voltage has been 
calculated Then the new root-mean-square velocity IS calculated using this voltage fluctuation, with 
the corrected mean voltage and velocity entered into the above equation. Figure 59 shows the 
correction applied to the turbulence intensity from the data taken near the interior surface at an xlD of 
28. The corrected turbulence tends to a linear relation, With the fluctuations at the smallest normalised 
wall distance of 0.03 nearly the same size as the mean value itself. The correction effectively Iinearizes 
the curved cahbration data However, the change in the calibration gradient Increases towards the 
glass, as shown by the plus symbols in Figure 59, so the error in this Iinearlzation increases. The trends 
in raw and corrected root-mean-square of the velOCity are also shown in Figure 59. The correctIOn 
reduces the fluctuating component, as expected from the above equation and associated Increase in 
calibration gradient However, the mean velOCity correctIOn IS much greater and hence the turbulence 
intensity rises. 
Alfredsson et aI. (1988) made a variety of viscous sub-layer measurements using hot-film and hot-Wire 
probes. By comparison to measurements in different fluids, namely air, water and oil, similar trends 
were noted in the turbulence measurements close to the solid surface in air as in this test The 
turbulence intensity dropped as the surface was approached Within y+ values of 5, after rISing through 
the loganthmic and buffer regions as the wall is approached. However, flow measurements in the ot! 
and water channels tended to show a constant turbulence intensity Within the viscous sub-layer of 
approximately 40%. This was confirmed by hot-film gauge measurements on the surface in the water 
channel, where the least amount of heat from the probe was lost to the substrate, With most transferred 
to the fluid. The conclusion from the work was that the wall shear stress, effectively the turbulent 
fluctuations at zero wall distance, fluctuated qUite highly and perhaps even above the 40% measured 
These results of Alfredsson et aI. seem to correlate with the correction applied to the turbulence data 
in this work. The fluctuations measured by the probe are damped by the presence of the heat sinking 
wall. 
The inner law results presented for interior boundary layers suggest the wmd-off correction to be too 
harsh, due to reduced heat loss through cooling ofthe air between the wire and wall, as shown in Figure 
56. This would imply the correction should be reduced and the turbulence correction would not be so 
severe. However, with reference to Alfredsson et aI., the correctIOn should also include an effect to 
reduce the damping of the fluctuations in heat transfer from the wire. To conclude, the wind-off 
correction IS probably too severe, particularly for data wlthm the VISCOUS sub-layer. However, the 
correctIOn should Include a higher order effect very close to the surface to correct for damping of heat 
loss fluctuations due to the wall presence. Overall, correction In this region would be very difficult, 
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smce at very small distances, the flow will accelerate across the wall side of the hot-wire element, 
confounding the problem further. 
Due to these problems in attaining a suitable correction for higher order statistics, the turbulence and 
higher order quantities were not corrected and are presented in raw form. Figure 60 shows the variation 
in skewness withm the boundary layer adjacent to the interior glass surface. The data Illustrates a 
similar trend to the exterior circuit, with the skewness dropping from positive values within the VISCOUS 
sub-layer to a negative value at the boundary layer edge and rising in the outer mlxmg layer. 
The magnitude of the negative value at the boundary layer edge, reduces with streamwlse distance, as 
for xlDof60 it is approximately-OA and atxlD of28 it is approximately -0 I However, the flat region 
of the data at xlD of 28, shows a steady negative gradient in skewness with non-dimensIOnal wall 
distance, with a minimum occurring at the edge prior to outer mixing With the near-stagnant interior 
air. This point seems to move towards the glass with x, as the flow changes into a wall jet profile far 
downstream of the jet flow attachment. 
The large skewness values in the viscous sub-layer are thought to be due to the mcreasing damping 
effect of the sub-layer flow on wall generated turbulence and compares well with the trends found by 
Alfredsson et al (l988), Andreopoulos et al (I 984} and Irwin (1973). The decomposed measurements 
ofIrwin (1973) suggest the overall 2-D plane skewness measured here, is probably mamly due to 
skewness m the y-axis velocity component, as Irwin's streamwise component skewness tends to zero 
as the wall is approached 
The kurtosls m the velocity measurements IS presented in Figure 61. The trends are similar to the 
exterior flow measurements in a more usual wall boundary layer, with very high kurtosis in the sub-
layer due to increased damping and intermIttency of the turbulent fluctuations, reducing to mmima 
near the start of the logarithmic region I edge of the buffer layer and then steadily rismg with further 
increased normal distance. The edge of the core region of the flow is even more noticeable with the 
streamwise trend m velocity kurtosis. The plots show a slight maxima that moves towards the glass 
with increasing downstream distance, as the flow takes on the fully developed wall jet profile. 
Although the measurements at the largest normal wall distance tend to show the jet flow deceleratmg 
and increasing in skewness through mixmg with the mterior air, the kurtosis reduces from the maxima 
at the edge of the core region. Therefore, the turbulent fluctuations set up by thiS mixing layer are not 
as mtermittent as the core flow mixmg outside the outer layer of the extenor boundary layer, where 
sharp rise in kurtosis was noted in Figure 51. This compares well With Irwm's kurtosis presentation in 
a wall-jet flow, where the fourth moment level is slightly lower at the outer half width of the wall jet 
than in the loganthmic region. The velocity measurements show that normal wall traverses ended at 
normalised velocity values of near 0.7, inside the half-Width position Therefore, as compared to Irwin 
(1973) the kurtosis would be expected to be low. Agam the general trend in kurtosis withm a 
normalised wall distance,y· of 100, compares extremely well with the trends shown by Alfredsson et 
al. (1988) and Andreopoulos et al. (1984). 
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4443 BOUNDARY UYER PARAMETERS 
Musker's expression does not fit the interior boundary layer profiles, as shown in Figure 62, 
confirming the lack of logarithmic region in Figure 55. This is most noticeable for the xlD position of 
28. The least squares fitting method was applied throughout the measured wall distance, to the edge of 
the boundary layer. The over correction in the inner layer may cause the fit to be ID error and produce 
the exaggerated S-shape across the data. As shown by Irwin's logarithmic law fits to wall jet profiles, 
the outer layer tends to fall below the logarithmic fit as shown in Figure 55 and fitting to Musker's 
expression will result in negative values ofeoles' wake parameter TI. The friction velocities calculated 
using the log and Musker's fit, along with the boundary layer parameters are shown ID the following 
table. 
xlD u" t u+ U~ 0 0" e H u' TI t u+ (log law) ("/I») (Musker) (%) 
28 0.208 0068 2.730 8.9 0985 0597 1.65 0.201 -0382 0881 
35.5 0196 0029 2793 14.9 0962 0516 1.87 0.192 -0615 2017 
47.7 0.177 0030 2.610 12.0 1.081 0.579 I 87 0178 -0457 0.973 
60 0.149 0.008 2295 9.5 1.283 0.666 1.93 o 151 -0 158 1447 
TABLE XII Calculated boundary layer parameters for the mtenor glass surface wall flow 
From Table XII, the velocity at the edge of the boundary layer, which was estimated by the position 
nearest the wall of least turbulence intenSity, is seen to accelerate slightly, between xlD of28 and 35.5 
and then decelerate further downstream. The attaching jet flow is known to undergoing a static 
pressure reduction after attachment, as the static pressure is higher upstream due to the near-stagnating 
flow onto the surface. This would lead to an acceleration of the flow after attachment. From the 
velocity profiles, the xlD = 28 position is thought to be downstream of the Jet flow attachment. 
However, the flat fronted profile shown ID Figure 54, suggests some of the outer flow may be stili 
impinging onto the boundary layer. This is partly confirmed, by the reduction ID displacement and 
momentum thickness at the next pOSition of 35.5 and slight velocity rise. The velocity drops as the 
outer mixlDg layer and wall layer coalesce and outer fluid is entrained into the flow. The presence of 
the impinglDg outer flow may also explain the drop in the boundary layer thickness with stream wise 
distance. Although, as for the extenor measurements, the pomt density at the outer edge of the 
boundary layer is insufficient to provide a very accurate thickness measurement. 
The inner law of the wall was fitted to the interior boundary layers, typically between y. values of 4 
and 8. This was far enough away from the wall to ensure the wind-off correction was SUitable, as It was 
thought to over correct closer to the glass, and yet still be inside the inner layer. The quality of the fits 
is very good as shown in Figure 55 and although the friction velOCity was denved from the inner layer, 
the loganthmic law is shown to fit the data at xlD = 60 as well The normalised error values are 
therefore very small and much smaller than those relatmg to the fit to Musker's expression Therefore, 
as in the exterior measurements, the friction velOCity from the inner law fits will be used to denve the 
heat convection coefficients. 
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Figure 63 illustrates the interior surface boundary layers plotted m non-dimensIOnal form us10g the 
boundary layer thickness, freestream velocity and velocity defect form wIth the frictIon velocity. Apart 
from the position closest to the jet outlet, the velocity profile appears to have greater deficit WIth 
increasing downstream dIstance. This is also reflected in the increasing dIsplacement and momentum 
thicknesses given m the table. 
4.5 SUMMARY 
• Hot-wire measurements have been obtained in close proximity to the exterior and 
interior surfaces of the glass, to resolve the mean velocity profile and obtain a 
measure ofthe skin friction coefficient. 
• The experiment was carried out with accurate distance measurement using a dial 
gauge and the wind-off voltage trend was used to allow correction of the hot-wire 
voltage and reference the distance measurement. 
• The hot-wire probe voltage rises in close proximIty to the solid surface, as extra heat 
is lost to the surface through conduction. These measurements showed the effect to 
be prominent within 0.6mm of the glass surface. Changes in surface material affect 
the heat loss, due to the thermal conductivity of the solid surface. 
• A reduction in the wind-off voltage was noted within typically 5mm of the solid 
surface. ThIS was presumed to occur due to blockage effects on the free convection 
plume from the hot-wire element. 
• The heat loss correction on the flow measurements, was obtained by subtracting the 
mean voltage increase on the wind-off readings at the same normal wall distance 
ThIs proved to be a little too severe, particularly very close to the wall, as the fluid 
motion is thought to reduce the conductIve heat loss through cooling of the air 
between the wire and surface. 
• The resulting mean velocity profiles were fitted using the inner and logarithmic laws 
of the wall, to obtain the frictIon velocIty The errors in the fits were extremely small 
and compared to that obtained from a full boundary layer thickness fit, based on 
Coles' law of the wake added to the logarithmIc law The exterior velOCIty profiles 
were primarily fitted in the logarithmic region, with the 1Oterior profiles fitted m the 
outer part of the inner viscous sub-layer. 
• Trends in turbulence intensity, skewness and kurtosis followed the findings of other 
researchers performing measurements m similar boundary layer flows. The 
turbulence was shown to drop steadily from the outer region of the viscous layer to a 
minimum at the boundary layer edge. The skewness and kurtosis were shown to be 
high m the viscous sub-layer due to damping of the wall generated turbulence The 
kurtosis rose agam in the core regIon of the exterior flow. 
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• The measured turbulence intensity very close to the surface was shown to fall as the 
wall was approached. Although the viscous layer damps the turbulent fluctuattons, 
the effect was thought to stem from the added conductive loss from the wIre element. 
Simple correction was applied by recalculating the fluctuating component using the 
corrected mean velocity on the calibration curve. The result showed the turbulence to 
steadily rise in the VISCOUS sub-layer, contrary to constant levels shown by Alfredsson 
et al. (1988). 
• The interior wall flow profiles showed the flow changing from the impingement 
regIon of the Jet flow, to a fully developed wall jet profile far downstream. The 
exterior boundary layer profiles showed the duct flow tended towards full 
development at the downstream end of the glass. 
• The friction velocity at five positions on the exterIor surface and at four positions on 
the interior surface has been evaluated and WIll be used In the estimation of the 
convective heat transfer from the glass surface. 
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5. DERIVING AN INDIRECT PERFORMANCE ESTIMATE 
5.1 INTRODUCTION 
Three different sets of measurements have been applied to a demister type of impinging jet flow. The 
discussion from each set has shown the dIfferent aspects of the flow described and also the slight 
differences between the results. To derive a suitable indirect performance estimate, requires 
combInation of two ofthese results to see if the third can be predicted and to what accuracy For in-
vehIcle measurements, the predictIOn of the misting tests would be most benefiCIal, as this would 
reduce the cost of climatic testIng, If the end performance, namely the mistIng seen by the vehicle 
purchaser, can be predicted However, it IS possIble to combIne any of them to derive the third. This 
chapter will examine the possIbIlIties of this cross-correlation and prediction method, to help in the 
definitIOn ofa sign-off test for measuring demister performance. 
Cross comparIson should reveal some of the senSItivity of any of the measurements to the method and 
help in estimating the robustness of a prediction. The steady state demisting and IR temperature 
measurements have first been combmed, to highlight any dIfferences in the mass and heat transfer 
within the impinging flow field. The skin friction measurements have then been combmed with the 
surface temperature measurements, to attempt a prediction of the demIstIng result for the 20° 
Impinging jet at an offset of 12. A simple predIction method IS also derived, using the core velocity 
decay of the demister flow field. This method would be the easiest to implement in a vehicle test. 
5.2 STEADY STATE DEMISTING AND IR MEASUREMENTS 
5.2.1 DERIVING A MIXING PARAMETER 
5 2 1 1 CONCEPT 
Visual comparison of the humIdIty and temperature contours do show subJective simIlarity Figure 21 
showed a combmed plot of the surface temperatures and interior humidity along the centre line of the 
jet flow. The maximum heat transfer point was shown to be slIghtly downstream of the maximum 
humidity values This would suggest different mixing of heat and humidity near the attachment region 
of the jet flow Outside thIS region, the temperatures and humidity values appear to follow sImilar 
trends. 
To help understand the dIfferences between the two measurements, a mixing parameter has been 
calculated. The 2-D interior humidity contours demonstrate the outline of the demisted region given a 
particular humidity level. However, the actual localised humidity level may be quite different to that 
shown in the contours, as the drIer demist jet flow mixes wIth the interIor aIr It is assumed that the IR 
and steady state measurements were made under the exact same thermal and flow condItIons and 
therefore, the IR measurements yield a measure of the dew point distrIbutIon across the glass The edge 
of the demisting contour can then be thought to be dIrectly above points on the glass, where the surface 
temperature is equal to the dew point. 
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Using the bulk outlet and interior temperatures, recorded during the IR measurements, a mixing 
parameter is derived, that effectively descnbes the proportion of the demist air present in the flow 
adjacent to a partIcular point on the glass, as referenced to the interior aIr condition. 
5 2 1 2 CALCULATION 
1. The IR temperature measurements are first interpolated onto the same mesh as the steady state 
demisting contours, to allow d,rect comparison and calculation at each Cartesian coordlOate pair. 
2. Assuming the IR temperature gives the dew point temperature during the demisting case, the 
saturation humidity is calculated using an empirical log polynomIal fit of the saturation data for air 
and water vapour at standard pressure of I01.325kPa, where Ps is in kPa. 
In(ps) = 064481 C~bY - 8.03267C~S + 36 67124(~b) - 53.86727 
3. The fit gives the saturahon pressure. This IS converted to absolute humidIty, in terms of the 
humidity ratio, as this is then directly related to the mlxlOg air flows of differing humidity content. 
The equation assumes that the air and water vapour mIxture acts as a perfect gas. 
W = O.622ps 
m l01.325-ps 
4. Assuming the model shown in Figure 9, the saturation humidIty ratio WIll be constant throughout 
the boundary layer regIon, and then rise in the mixing layer to tend towards the lOterior bulk 
humidity. Given the interior and demist bulk humiditles, the mixing parameter IS calculated using 
the three humidity ratios . 
., = Wm-WI 
Wd-W, 
assuming 
The polynomIal expressIon modelhng the saturatIon Ime of water vapour in dry aIr, was derived from 
a fit oftabulated values given by Stoecker and Jones (1986) Several different fits were attempted, but 
the cubic polynomial given above was shown to produce the least error in saturation pressure (refer to 
AppendIX C.2). 
5.2.2 RESULTS 
5 2 2 1 GENERAL DISCUSSION 
Preliminary calculations showed that the mlxlOg parameter was mostly negative for all the jet 
configurations, since the calculated saturation humidity was less than the demist humidIty. This 
suggested that the humidIty applied in the steady state demisting tests, was much higher than that 
necessary to create the point of misting condItion across the glass In local air humIdIty measurements 
by Sakamoto et al (I 987), the glass surface temperature was shown to be below the local dew point to 
produce misting Using a graphical fit of the dew po lOt temperature and the surface temperature at 
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which misting was visible, Sakamoto et al. concluded the glass surface needs to be 2K below the dew 
point. These measurements were only carried out in a limited case, on the front side glass of a vehicle. 
However, this finding was applied to the IR measurements, by subtracting 2K and recalculating the 
mixing parameter. 
Figure 64 shows contours of the calculated mixing parameter for jets with offsets of 12. The 0 level 
contours represents the limltmg region for reduction In local humidity by the demist air The 
calculation still yields negative values of mixmg parameter, suggesting the 2K correction to be too 
little. This suggests greater adjacent humidity can be sustamed Without misting the glass. The 2K 
adjustment IS purely empirically based on measurements by Sakamoto et at. and is most likely 
dependent on the thermal gradient near the glass surface, and therefore the velOCity gradient. From 
these calculations, it is suspected that thiS value should increase as the local velocity reduces, as the 
convection rate reduces. This alters the thermal gradient and by analogy alters the mass transfer durmg 
mistmg. 
For all the configurations shown in Figure 64, increasing flow rate mcreases the size of the mixing 
parameter contours, indicating the increased penetration of the demist flow at the glass surface and the 
combined effect of improved heat transfer and humidity reduction. The higher contours at the lowest 
Impmgement angle of 10°, are much further upstream when compared to the humidity and surface 
temperature contours shown in Figure 16 and Figure 19. This suggests the shallow Impingement 
causes greater mixing further upstream of attachment, when compared to the more direct flows. With 
reference to Figure 21, this signifies that the upstream drop off in surface temperature has a greater 
effect than the drop off m interior humidity. The heat transfer reduces in the upstream direction at a 
greater rate to the mass transfer between the jet flow and interior air 
In Figure 64, the high mixing parameter contours at 40° even pass the geometric impingement line and 
suggest greater mixing of humidity downstream of impingement. For 20°, the 0.2 contour spreads from 
the maximum heat transfer location shown in Figure 19, through the geometric Impingement point and 
upstream as for the higher impingement angle. The 20° angle therefore contams features of the 
improved mixing up and downstream of attachment, that are more noticeable for the lower and higher 
angles respectively. Reduction in flow rate tends to reduce the downstream mixing more than the 
upstream, as the lower contour plots show the higher valued contours to shift upstream This is borne 
out in Figure 21 as well, where the points of maximum humidity move upstream With reduction in flow 
rate, whereas the maximum heat transfer points remain in the same streamwise locatIOn as for the 
higher flow rate 
Figure 65 illustrates the mixing parameter distribution for the other Jets at offsets of 4 and 20. The 20°, 
offset 4 jet demonstrates large amounts of mixing downstream of the geometnc Impingement point, in 
a similar manner to the 40° jet at an offset of 12 The effect of flow rate IS evident, with the reductIOn 
In contour area with reduction in flow rate. For the 20° jet at an offset of20, at the higher flow rate, the 
largest mixmg contours are far upstream of the geometnc impingement point and upstream of the 
maximum heat transfer point shown in Figure 20. This shows Similar characteristics to the 10° jet at 
an offset of 12, where the humidity contours extend more in the upstream direction than the surface 
temperature contours, indicating greater mixing with no improved heat transfer. The results for the 
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largest impingement angle at an offset of20, show some InterestIng results, With the mixing parameter 
contours appeanng to increase In size with reductIOn of flow rate. The IR and humidity measurements 
clearly showed a reduction in heat transfer and Increased senSitiVity to humidity with reduction in flow 
rate for this jet. However, combining the measurements shows that the increased humidity senSitivity 
is not as great as the heat transfer reduction, therefore Increasing the effective mixIng parameter. This 
result may be due to the wrong adjustment of the surface temperature, or indeed due to differences in 
the thermal conditions between the two sets of measurements. 
The mixing parameter does provide some interesting results and draws together the differences in the 
surface temperature and humidity contours, which are not immediately apparent by vieWIng the plots 
individually. The correction implied from the results of Sakamoto et al. (I987), IS a little too simple. 
The zero contour should extend to the edge of the glass, smce if the demist air was switched off m the 
steady state demisting tests, the glass would completely mist at the lowest intenor humidity levels used 
in the tests. Therefore the demist air must spread right across the glass, both wannmg the surface and 
reducing the local humidity levels. 
5 2 2 2 THE POINT OF VISIBLE MISTING 
The point of misting is a purely descriptive phrase to define the point at which the glass surface 
temperature equals the fluid dew point adjacent to the surface. However, the point of viSible mlstmg 
may occur at a much higher bulk humidity than the point of the mistmg. Spencer-Gregory and Rourke 
(1957) report measurements made on a solid surface to indicate the presence of a water film under the 
influence of a varying air humidity. By allowmg the water film to conduct electrical current between 
two plates positIOned orthogonal to the surface, not only the occurrence, but also the form of the water 
condensation can be measured The main conclusion was that when the temperature of the surface 
reaches the dew point temperature, a molecular film layer of water deposits on the surface On glass, 
this would appear to be transparent. The film is fonned through molecular attraction and is stable 
However, solid surface temperature reduction Will thicken the film, to a pomt where the surface tension 
dominates, leading to instability and the film breaks up mto an array of stable droplets. The difference 
in the mass of water between these two states may be qUite large. Spencer-Gregory and Rourke show 
that using the ratio in surface energies between the film and droplet state, the smallest stable droplet 
diameter is some 6 times the preceding film thickness. This switch due to film mstability makes visible 
mistmg appear to happen extremely qUickly; an effect seen m the facility used here. Measurements 
have shown the resistivity of the surface moisture and therefore the structure, whether film or droplets 
has a dependency on the surface temperature, under the influence of saturated vapour. Conversely, this 
suggests that the point of viSible misting also has a dependency on effective bulk humidity level, 
assuming the fluid adjacent to the surface is saturated, through extenor cool 109 of the solid surface 
Overall, the results presented in Spencer-Gregory and Rourke (1957) indicate the difference between 
the point of mist 109 and the pomt of visible misting is dependent on the bulk humidity. The higher the 
relative humidity, the smaller the difference between the two - supposedly due to the extra mOisture 
content in the higher humidity flows, allowing formatIOn of the stable droplet layer much closer to the 
dew point temperature. 
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The camera images used to provide the demisting contour in the steady state demisting tests, had a 95% 
threshold applied, where the edge of the demisted region was taken as that when the pixel value 
reached 95% of the clear image at the same point. This immediately places the measured demist outline 
slightly inside the misted region. Combined with the explanation above, to calculate the correct 
saturation humidity adjacent to the glass usmg the IR image, the surface temperatures need to be 
reduced by a quanttty dependent on the bulk flow humidIty. 
5.3 SKIN FRICfION AND IR MEASUREMENTS 
5.3.1 CONVECTION STRENGTH 
The skin friction measurements were limited to the centre line of the high speed 20° angled jet at an 
offset of 12. The measured friction velocities allow calculation of the coefficient of skin friction based 
on the following expression. 
Nu = !e'.Re Pr0 33 
x 2 JOO x 
The Nusselt No was calculated using the result of the Reynolds' analogy and adjustment for the effect 
ofPrandtl No discussed by Schlichting (1955) Table X1I1 shows the values for the Nusselt No., with 
a Prandtl No. equal to a constant 0 71. The Reynolds' No. was calculated at a standard pressure of 
101.3kN/m2 and with a fluid temperature of 290K, using Sutherland's empirical law to calculate the 
fluid viscosity. For the accuracy of Sutherland's empirical law see Appendix C 3. Figure 66 shows the 
variation of skin friction coefficient with stream wise location. Figure 67 shows the variation of Nus se It 
No. with Reynolds' No. for the measured flow and flat plate turbulent flow, as given in Oosthulzen 
and Naylor (1999); the flat plate theory IS plotted on the same axes as the exterior surface data and is 
given by: 
xlD 
interIor 28 
35.5 
477 
60 
exterior 104 
23 
35.5 
47.7 
60 
cf 
0.01161 
000985 
000916 
0.00844 
0.00768 
000744 
0.00660 
0.00650 
000586 
08 Nux = O.029Rex 
Rex Nux 
51932 2688 
67366 2958 
84582 3455 
93552 3520 
56843 194.8 
125632 4167 
196805 578.8 
267712 776.2 
339150 885.7 
TABLE XIII FrzctlOn and convectIOn parameters 
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Nux/it %difJ 
2664 -0.9 
3024 2.2 
337.9 -22 
35487 0.8 
200.8 3.1 
395.6 -5.1 
580.7 03 
755.4 -2.7 
924.7 44 
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The Nusselt No points have been fitted using power law expressions, where the heat convection 
parameter is dependent on Re/ 487 and Re/ 855 for the intenor and exterior flow respectively. The 
maximum percentage error between the fits and the data points is 5.1% in the exterior flow, with an 
interior flow maximum error of 2.2%. 
The convection trend m Reynolds' No. for the interior flow compares well with other work Kim et al. 
(1996) showed that for a parallel offset jet, with an HID of 5, Nu, was proportional to Re,O 56, although 
this relation included an effect due to streamwlse distance of )to /35 The maximum Nusselt No. 
measured on the wall surface was shown by Klm et al. to be dependent on Re/ 49. OblIque and normal 
impingmg jet measurements by Tien and Sparrow (1979) showed the maximum Nusselt No. to be 
dependent on Re,O 6, and similar measurements by others have shown the index to approximately equal 
0.7. The more shallow angled flow of this work presents a reduced dependency on Reynolds' No, but 
the background does suggest the fit to be typical of the heat transfer in the attachment and start of the 
wall jet region. Comparison of Figure 66 with the work of Par ameswa ran and Alpay (1975), shows a 
similar trend of droppmg skin fnction from a maximum after attachment The skm friction can be 
expected to be zero at the actual attachment position, as the flow divides into the up and downstream 
directions, effectively stagnating. 
5.3.2 ApPLICATION TO IR DATA 
To correctly calculate the maximum temperature at the boundary layer edge in the Interior flow, 
reqUires knowledge of the heat flux through the glass. The core temperature In the exterior duct will 
be increasing with downstream distance, as heat IS gained through the glass and generated in the flow 
due to frictional forces at the walls. No measurements were made of this effect, so some assumptions 
and predictions are required. 
5321 RADIATION 
So far, using the skin friction measurement the level of heat convection has been evaluated. However, 
there will also be radiation heat transfer between the glass, intenor and exterior surroundings For 
simplicity, the glass and surroundings will be assumed to be grey bodies, i e. the broad band emissivity 
and absorptivity of the surfaces are assumed equal. In practice, most matenals exhibit some selective 
characteristics, where emission and absorption occur at different rates for the same wavelength. 
Generally, the heat radiatIOn from a grey body can be modelled USing the Stefan-Boltzmann law. 
q = eat 
The radlatlve heat transfer between two grey surfaces will undergo a series of reflections, as the nature 
of the grey body dictates any energy not absorbed is reflected. The overall sum of the Incident energies, 
from initial absorption to the last negligible reflection, forms a senes as shown by Rogers and Mayhew 
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(1974) This leads to the following expression for the total radlative heat flux between two grey 
surfaces of equal surface area 
The walls of the interior plenum were painted matt black prior to the IR measurements, to reduce the 
risk of heat reflection and distortIon of the measured surface temperatures. Therefore, the volume will 
have a high emissivity. In the exterior duct however, the glass is only 50mm from the opposite wall 
which is made of acrylic sheet, therefore the radlative heat transfer Will be reduced slightly in 
comparison to the intenor surface. On a vehicle, the opposite is probably true, with the interior 
radiation most affected by the presence of the instrument panel and cabin fittings and the radiation 
from the glass exterior will be high. For the purposes of thiS predictIOn, the acrylic sheet wall was 
assigned an emissiVity of 0.85, the interior plenum an emissivity of 0.9 and the glass was given an 
emissivity of 0.96, as measured in the IR tests. 
5 3 2 2 CALCULATION 
I. Using the graphical package, that was used to produce the contour plots, the values of surface 
temperature and interior relative humidity along the x-axIS have been extracted. Also, the mixing 
parameter from the combination of demisting and IR results was extracted for comparison. 
2. The data is restricted to a range in xlD of 28 to 56, as this IS both within the measurement range of 
the skin friction measurements and steady state demisting measurements. The variatIOn m Nusselt 
No. with xlD has been fitted using power curves 
3. A linear gradient is assumed In the core flow temperature of the exterior duct. The mean 
temperature given In Table IV, was measured at the leading edge of the glass, therefore a 
temperature rise across the glass surface is input to the spreadsheet calculation and the actual 
exterior temperature is based on the stream wise location and the measured mean. The expressIOn 
below was used, where the overall glass length is 64 jet widths. 
T = T + [~lt;.T ep e 64 
4. The temperature at the boundary layer edge and the exterior surface temperature of the glass were 
given start values, based on the assumption that the glass conducts heat from the mterior 
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5 Thermal conductivity of air was calculated using a simple empirical quadratic function and the 
film temperature ofthe air. (Refer to Appendix C.3 for details on the fit of thermal conductivIty). 
where T= 
6. Using the streamwise location, correspondmg fit of Nusselt No. and the conductivIty, the 
convection coefficient for the interior and exterIor surfaces was calculated at each point. 
h = NUxka 
c x 
7. Using the grey body heat transfer relation and emissivitles for the glass, exterior duct and interior 
plenum, the radiation heat convection coefficient was calculated from the surface and gas 
temperatures. The radiative and convective heat coefficients are additive in the heat balance 
equation, as the processes are effectively in series, using an electrical analogy. 
8. By substItution of the heat balance equation, the interior temperature at the edge of the boundary 
layer was iterated and replaced the imtlal value given in 3 ThiS also allowed calculation of the 
exterior surface temperature. 
9. The mixing parameter, relating the proportIon of the demist air in the flow near the surface, was 
calculated by the boundary layer maximum temperature, mean demist outlet temperature and 
interior plenum temperature recorded during the steady state tests. 
W,-Ws 
W,-Wd 
10. The saturation humidity based on the interior surface temperature was calculated using the log I 
polynomial fit of the saturation line for aIr and water vapour (Appendix C.2). Using the absolute 
humidity measured in the demist outlet during the demistmg measurements, the limiting case of 
the interior humidity at the point of mlstmg was calculated by rearrangement of the mixmg 
parameter equation above. 
The calculation of the heat transfer coeffiCIent of radiatIOn, assumed the walls of the interIor plenum 
and exterior duct wall to be adiabatic and at the same temperature as the corresponding bulk flows. 
Any difference in surface area was also ignored, as the radiation was assumed to act normal to the glass 
surface. 
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5.3.3 RESULTS 
5 3 3 1 GENERAL DISCUSSION 
The gain in exterior temperature along the surface of the glass was set to 1 K Assuming the mean heat 
flux through the glass IS 400W 1m2, based on the energy rIse in the exterIor mass flow purely from the 
heat through the glass surface, at a mass flow rate of 0.33 kgls corresponding to 8.2m/s, the 
temperature rIse would be approximately O.4K. The value of the area average heat flux may be a little 
high, but the flow will also gain temperature due to frIctional losses at the walls, which are well 
, 
insulated. 
Figure 68 illustrates the initial prediction of the interior humidity at the point of mistIng along the glass 
surface. The prediction suggests the interior air would need to be supersaturated to cause misting on 
the glass surface. The average mixing parameter over the glass length considered was 0.698 for this 
prediction, whereas combination of the steady state demisting measurements and IR data yielded a 
mean value of 0.280. Therefore, this prediction overestimates the amount of demist air flow near the 
glass surface, requiring a much larger interior humidity to mist the glass. 
This initial prediction used a glass thermal conductivity of 0.7W/mK. AccordIng to the Bosch 
Automotive Handbook (1986), this value is the mimmum in the range of thermal conducttvity values 
for laminated automotive glass. The maximum IS 087W/mK. Applymg thiS maximum to the 
prediction resulted in an increase in the mean mixing parameter from 0 698 to 0 789 Therefore, an 
even greater amount of interior humidity would be required to cause misting. 
Figure 69 shows the temperature dlstnbution along the glass surface, In the extenor core flow, on the 
exterior and interior surfaces and the maximum near the Intenor surface. The distnbution In heat flux 
is also shown, relating to the left hand axis. The assumption of a mean heat flux of 400W 1m2 may have 
been a little conservative from this figure, but this prediction represents data along the glass centre line 
only and as shown m the surface temperature contours, the heat flux should be expected to reduce 
moving away laterally from the centre line. The mean heat convection coefficient along the exterior 
surface for this calculation was 40.8W Im2K, double the interior value of20.2W Im2K, as expected from 
the much greater Reynolds' No. of the exterior flow In calculating the Nusselt No 
The mean heat transfer coefficients due to radiation where 4.5 and 5 4 W/m2K for the exterior and 
Interior surfaces. Themterior value was slightly higher due to the assumption of greater emiSSivity In 
the interior plenum, compared to that of the exterior duct. Heat transfer due to radiation was therefore 
of greater importance in the interior, where the radiatlve heat flux was approximately 21.1% of the 
combined heat transfer from the surface, compared to 9 9% on the exterior. On a real vehicle, 
demisting performance is most relevant during the winter months. In a lot of cases, the coldest exterior 
temperatures would be expected With clear sky, effectively creating a black body receptor around the 
vehicle. Therefore, in practtce the exterior surface may be more dependent on radiation, particularly at 
rest when convection will be due to natural flow and ambient WInd only By setting the exterior duct 
emissivity to 1, only increased the mean exterior radlalIve heat transfer coefficient to 5.2W Im2K. This 
did not effectthe corresponding mixing parameter much either, Increasing the mean value to 0.714. 
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53 32 SELECTIVE HEAT TRANSFER BY RADIATION 
The behaviour of glass under a clear sky is of interest, primarily due to the selective emlttance and 
absorptivity of the glass and atmosphere (Norin et al. 1987). On a clear night, when a ground frost may 
be expected, It is quite common to see vehicle glass frozen, yet the surrounding body work and ground 
dry, without even any signs of condensation. This is due to the peculiar nature of automotive glass, that 
has a particular hIgh emlttance at a similar wavelength to the greatest absorptance of the Earth's 
atmosphere Therefore, on a clear cold night - not necessarily near freezmg temperatures, the glass 
loses heat to the atmosphere through radiation and reduces in surface temperature to maintain thermal 
equihbrium. The resultmg surface temperature may be many degrees under the surroundmg aIr 
temperature, as shown m tests by Norm et al. (1987), who reduced the hkehhood of windshleld 
freezing by usmg a low emiSSIVIty coatmg on the glass exterior ThIS would of course reduce the 
hkelihood of mIsting as well, as the interior glass surface temperature would be higher FIgure 70 
shows the spectra of black body emittance and absorptance of the atmosphere. 
Therefore, the assumption of grey body theory in the calculatIOn of radiation heat transfer may requIre 
adjustment, to include the selective characteristics of both the glass and the surroundmgs. However, 
for this prediction, convection IS much more dominant and even applying a black body emissivity of 
1 to both surroundings and glass simply raises the proportion of radIatIOn heat transfer to 25.8% and 
11.4% on the interior and exterior surfaces. 
53 3 3 HUMIDITY DISTRIBUTION ANALOGY TO ADIABATIC TEMPERATURE PROFILE 
Assuming that the skm friction measurements allow correct calculation of the convection from the 
attaching jet flow to the glass surface, the relationship between the maximum flUId temperature and 
the humidIty at point ofmlstmg does not appear to be as sImple as first assumed. By analogy, assummg 
the fluid near the glass surface does not exchange mass WIth the glass surface by condensation I 
evaporation, the humidIty profile could be approximated by the temperature profile for a heated Jet 
flow with an adiabatic wall. In this case, the fluid does not lose heat to the surface, therefore the 
temperature profile will have zero gradIent at the wall. Temperature measurements by Hoch and JiJi 
(1981 b) and Holland and Liburdy (1990) both demonstrate a Gaussian profile offluid temperature WIth 
non-dImensional normal distance based on the half-width of the attaching flow profile. Their results 
are shown in Figure 71 and Figure 72, from measurements taken in the attachment and wall J et region 
of the attachmg flow from 2-D plane parallel offset jets. 
Using this analogy of adiabatic fluid temperature profile, the assumption on the distributIOn of the 
humidity near the glass surface has been amended and is shown m Figure 73 This suggests the point 
of misting humidIty at the boundary layer edge can be much larger than that predicted using the 
simphstic mIxing parameter. For thIS reason and the difference between the pomts of mlstmg and 
VIsible misting dIscussed preVIOusly, the mIxing parameter calculated from the demisting and surface 
temperature results is much lower. 
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5.4 INTERIOR VELOCITY AND IR MEASUREMENTS 
5.4.1 INTRODUCTION 
In producing the skin friction measurements near the interior glass surface, the maximum velocity 
along the glass centre line was also measured. From commissioning work, reported in Appendix A 2, 
the demist jet was shown to produce free flow, with a distribution and centre line deceleration 
modelled well by the empirical laws ofYan der Hegge Zijnen (1958). As reported by Sfeir (1976), the 
temperature distribution in the free flow from a heated jet of air differs from the velocity dlstnbution, 
WIth entrainment of heat occurrmg at a slightly greater rate than that of momentum. The core 
temperature therefore, reduces at a greater rate than the velocIty for a jet warmer than its surroundings. 
The previous prediction used an iterative heat balance to derive the jet flow maximum temperature 
along the glass surface. As seen in the mixing parameter calculation and subsequent humidity 
prediction, this was much higher than expected and shown in the combination ofIR and demisting 
measurements. Denving the skm friction reqUIred extremely detaIled measurements, which are not 
partIcularly suited to the full-SIze vehicle test, where a much more simple and robust method is 
required. Using the ratio in maximum velocity to outlet velocity measured in the hot-wire 
measurements, it is possIble to derive a mixing parameter and humidity prediction, by assuming the 
decay in outlet velocity is similar to that of the jet temperature. 
5.4.2 CALCULATION 
The actual outlet velocity of the jet was not measured during the skm friction measurements. However, 
in the commissioning work, the centre line velOCIty was measured at 0.80 downstream of the outlet 
for a range of fan settmgs. With the fan at 90% demand (45Hz), the centre line core velocity was 
measured as 7 29m1s (AppendIx A 2). This was measured WIth the demist jet mounted far from the 
glass surface. WIth the jet angled towards the glass, the pressure loss of the jet may be slightly greater, 
however without any other suitable measurements, this core velocity was used to non-dimensionalise 
the maxImum velocity measured downstream m the attaching flow region 
1. The ratio of local maximum velOCIty to outlet velocity was calculated at the three downstream 
locations ofxlD = 28, 35.5 and 47.7. 
2. The humidity at the point of misting and at the point of maximum velocity in the flow, was 
_ presumed to equal the saturation humidity based on the measured surface temperature at each -
value ofxlD. This assumes the original humidity distribution for simplicity. 
3 The absolute humidIty of the demIst outlet aIr was calculated using the measured mean values 
during the steady state demistmg measurements for the 200 Jet at an offset of 12 and high flow 
rate. 
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4. The interior absolute humidity at the point of misting was calculated uSing the maximum centre 
line velocIty decay and above saturation and demIst humidIty levels. 
therefore 
Urn W --Wd 
rn U W, = __ --:c~o_ 
l __ U_rn 
Uo 
Sfeir (1976) reports several different findings on the decay in velocity and temperature from free jet 
flows. To compare with the above calculation, one other calculation was based on the fit of axial 
temperature decay for a heated jet from work by Van der Hegge Zljnen shown by Sfelr (1976) 
This is very similar to the centre line velocity decay expression by Van der Hegge Zijnen (1958), which 
is shown to fit the flow from this demist Jet and is also Illustrated for companson 
Urn = 2.48 
Uo JH 
5.4.3 RESULTS AND DISCUSSION 
Un/Uo Tn/To 
<1>, <1>, 
xlD Un/Uo VdhZ 11 12 VdhZ <1>, measured VdhZ 
velocIty temperature 
28 0375 0464 0332 0.736 0.374 74.0 88.3 88.2 
35.5 0.383 0.413 0.287 0747 0.333 68.4 850 81 3 
47.7 0.358 0.357 0.251 0.689 0288 61 9 77.0 729 
TABLE XIV SImplified predIctIOn at three downstream locations 
Table XIV illustrates the prediction, velocity decay and mixing parameters at the three downstream 
locations. Compare the maximum velOCity decay measured during the skin friction measurements and 
calculated from the expression of Van der Hegge ZiJnen (1958). From the measurements, the ratio of 
maximum velocity to outlet velocity is less at xlD of 28 than at 35.5. This was expected, since the 
Impinging jet flow undergoes a change in static pressure gradient near attachment and will accelerate 
partly through the attachment region The curvature and attachment of the Jet flow appears to cause 
greater flow entrainment and reduction in maximum velOCity when compared to the free Jet model. 
This confirms the thoughts of Sawyer (1960) and others. 
The mlxmg parameters, 11 and 12' are those calculated from the steady state demisting and IR 
measurement combination and the skm friction and IR measurement combination respectively. 
Through analogy, the velocity ratio and mixing parameter should Yield Similar results. The first 
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parameter is slightly lower than the velocity ratio and the second far above, for the reasons discussed 
previously. The next column shows the maximum free jet temperature ratio as modelled by Van der 
Hegge Zijnen. As shown in plots of the half-width distribution by Sfelr (1976), the ratio yields lower 
values than the velocity ratio, due to increased entramment of heat to that of momentum The trend and 
magnitude in the temperature ratio are much neareryl than the velocity ratIos. 
The last three columns on the right ofthe table show three sets of values of interIor humidity; measured 
during the steady state demistmg tests, calculated from the measured velocity ratio and calculated from 
the modelled temperature ratio, from left to right respectively. Both calculations overpredict the 
interior humidity necessary to cause misting at the glass surface. Not surprising, when considenng the 
velocity and temperature decay models are from free jet work and are applied to Impinging jet flow in 
this case. The velocIty reduction would be expected to be greater in this case, as shown m the 
measurements and therefore wIth correct modelling ofthe temperature decay, the prediction would be 
expected to be closer than the values presented here. Also, the calculation assumes the original 
assumption in humidity profile, as shown in Figure 73. By adiabatiC analogy, the humidity at the 
maximum velocity location will be greater than the saturation humidIty at the glass surface Therefore, 
less interior humidity wIll need to be applIed to cause misting, as that calculated usmg the above simple 
prediction. 
More importantly, it is shown from the comparison of these calculations that the impingmg demist 
flow has a greater decay in core temperature, than that of the free jet, as also shown by the trend m 
velocity ratIo. Therefore, to improve the prediction further, would require more experimental work m 
the non-isothermal impinging flow, to measure the normal temperature profiles near the glass and the 
stream wise temperature variation The trend in 11, which was derived from the actual demisting 
measurements, indicates the decay in temperature would be larger than the velocity decay and more so 
than that in a free jet. 
5.5 IN-VEHICLE PERFORMANCE ESTIMATION 
This work has shown some interesting features of demister-type jet flows, both m terms of the end 
performance and the detaIled flow mechamsms occurrmg near the wall. Unfortunately, the work has 
not created an obvious test method to apply to full-size vehIcles. However, by combmmg all the 
measurements performed in the test facility, further mdication ofthe necessary experiments required 
to perform a vehicle test has been derived. 
The skin friction measurements were never going to be a realistic test method for in-car measurements, 
simply due to the necessary attention to detaIl and tIme consuming nature. Indeed, the estimate from 
the skin friction measurements yielded the worst predictor of performance. Fortunately, for the climate 
control engineer, a much closer prediction was created by using the streamwise decay in outlet 
velocity. This would be a much easier measurement and could be performed using an LDA system for 
example, from outside the vehicle with the measurement volume inside the passenger cabm, removing 
any possIble blockage effects in the process. This method was shown to overpredict the measured 
interior humidIty at misting However, with further research into the relatIon of the temperature and 
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velocity decay In demister flows, a simple conversion could be applied to the measured velocIty ratio 
to provide a suitable predIction. 
The surface temperatures measurements are required in the perfonnance prediction to allow 
calculatIon of the saturatIon humidity in the air adjacent to the glass. The IR camera provIdes a very 
simple and non-intrusive measurement technique. However, the selective emlttance of glass, shown to 
be a factor in the freezing of vehicle glazing by Norin et al (1987), may Introduce errors into the 
measurements Glass can reflect certain wavelengths, as well as It can absorb others. This may 
introduce problems in obtaining a suitable measurement. No reflections were noted in this testing, 
although every effort was made to ensure mmimal possibility, by painting the test sectIOn interior matt 
black and positioning the camera normal to the glass surface centre. 
5.6 SUMMARY 
• Three different combinations of the experImental measurements have been 
attempted, to help understand the demisting process, aspects of jet flow and also lead 
to the possibility of combining non-mistmg tests, to estimate the actual demist 
perfonnance. 
• By combinmg the IR and steady state demisting measurements, a mixing parameter 
has been calculated to describe the proportIOns of the demIst to mterior air present in 
the demisting flow. The parameter relates the humidity of the demist outlet, interior 
bulk fluid and saturation humidity based on the surface temperature measured using 
the IR camera. 
• The mixing parameter hIghlights the difference m the surface temperature and 
demisting contours, by accentuating the difference m maximum contour posItIon for 
instance. Typically, the shallower jet flows have higher mixing parameter values far 
upstream of the geometric Impingement point and upstream of the points of 
maximum heat transfer. The more direct jet flows have higher mixing parameter 
values downstream of attachment. 
• The friction velocity measurements, calculated from the boundary layer profiles 
measured using a hot-wire, allow calculation of the heat convection coefficient across 
either side of the glass surface By combining these values and the IR surface 
temperature map, the possibility of predictmg the mterIor humidity contours is 
explored 
• This measurement combination overpredicts the interIor humidity at the point of 
misting, as the calculated mixmg parameters are far higher than those from the steady 
state demisting and IR combinatIon 
• The prediction does Indicate the effect of radiation, typically 10 to 25% of the 
combined heat transfer due to convectIon and radIation. However, glass is known to 
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behave as a selectIve emItter and this can be detrimental to demIster performance, as 
under certain conditions it can worsen the problem 
• The best predictor of the intenor humidIty at the point of misting, was to use the 
velOCIty decay of the core flow of the demist Jet as a mixing parameter. This was 
known to have limitations and overpredict, due to the increased entrainment of heat 
when compared to momentum in jet flows 
• This simple method of prediction could be used in full-size vehIcle tests very easily. 
However, further research is required to improve the prediction by converting the 
velocity ratio mto a temperature ratio, reducmg the calculated mixmg parameter. 
• The problems uncovered m the radlatlve heat transfer modellIng and research, 
suggests future problems in attain 109 a SUItable IR measurement from wlthm the 
vehicle Further research will be applIed to Improve the test techmque and allow 
correct saturation humidity calculation. 
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6. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
6.1 CONCLUSIONS 
6.1.1 OVERVIEW 
A thorough review of the physical processes involved in demisting automotIve glass has been carried 
out. The study measured the level of heat transfer and demistmg performance of many different Jet 
geometries, typical of those used in vehicle interiors Also, the skm frictIOn along the streamwise 
centre line of a smgle jet geometry was measured using a single normal hot-Wire Combmation of all 
the experimental results and applying assumptions and theory from similar work has allowed an in-
depth analysis of the demisting process and the effects of jet geometry, on the different mixing of heat, 
mass and momentum. 
6.1.2 STEADY STATE DEMISTING 
• A quantitative mist imaging technique has been developed, using grey scale image 
processmg on the distorted image of a high contrast chequered background. The 
technique directly replaces the outhnmg method usually employed in vehicle climatic 
tests. 
• The method is shown to prove extremely useful, in resolving the area and position of 
demisting for a range of demist jet geometrtes, hlghltghting the differences in 
performance between each configuration. 
• For impingement angles of 10° to 40°, offset ratIos of 4 to 20 and two different flow 
rates, the demisted area on the glass was mapped at a range ofinterior humidity level, 
for a single thermal condition 
• The higher the interior humidity level, the smaller the demisted area, for all jet flows 
• Reducmg the outlet flow rate, reduced the demisted area, but maintamed the shape of 
the demisted contours 
• For all the jets conSidered, the position to mist at the highest mtertor humidity level 
was upstream of the geometrtc Impingement point, indicating premature attachment 
of the jet flow, in line with background work on offset and obhquely impingmgjets. 
• The distance between the attachment and geometric impingement pomt increased 
With reducing impingement angle and increasing offset 
• Increasing impingement angle, increased the circularity of the demist contours, 
indicating more radial flow spread across the glass surface. 
• Jets with the lowest offset and impingement angle, were most resistant to misting at 
the highest humidity levels Offset had a greater negative effect on performance for 
the jets of shallower Impingement angle. 
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6.1.3 IR MEASUREMENTS 
Surface temperature measurements were carried out across the glass surface, under a similar thermal 
condition to the demisting experiment using the same combinations of Jet geometry. 
• As in the demisting measurements, the points of maximum heat transfer are upstream 
of the geometric impingement for all the jet configurations considered. 
• Reducing flow rate, reduces the heat transfer from the jet to the glass. 
• For a constant offset, increasing Impingement angle increases the maximum 
temperature of the glass surface. However, this also reduces the streamwlse extent of 
heat transfer from the jet to the glass surface. 
• Similar 2-D heat transfer is noted for Jets of differing geometry, but of similar path 
length. 
• For a single surface temperature contour value, the greater the offset, the more 
circular the contour shape, indicating greater 2-D flow spread 
6.1.4 THE PENDULUM CALIBRATOR 
To measure the near-wall flow in the attachment region of a single jet geometry, required a low speed 
cahbration faclhty, to cahbrate hot-wire probes at veloclttes ofless than 4m/s This was achieved using 
a pendulum, designed very simply and swung repeatedly to Improve confidence In the cahbration The 
time histories of sWing angle and hot-wire voltage were taken in the decelerating part of the first sWing 
and converted to cahbratlon sets by fittmg to simple harmonic motion and Kmg's Law. 
• From a set of 20 repeat swmgs, King's Law was fitted to calibratIon data over the 
velocity range of 0.12 to 4.2m/s and yielded an mdex of 0.63. 
• Comparison With other pendulum work and very low speed calibrattons usmg track 
and carriages or water draining faCilities, showed very simIlar trends in cahbratton 
WIth velocity range. 
• Scatter in the data at very low velocities was inevitable with the type of cahbration, 
due to draughts in the laboratory. However, the absolute spread of cahbratlOn data 
throughout the velocity range above 0.1 m/s was almost constant 
6.1.5 HOT-WIRE MEASUREMENTS 
Hot-wire measurements in the attachment region of an impingmg Jet flow of 20° and an offset of 12, 
were used to obtain a measure of the skm friction along the jet centre line. Slmtlar measurements were 
carried out across the exterior glass surface, to allow a heat balance calculation through the glass under 
a theoretical non-isothermal condition. The wire was moved wIth very fine accuracy and was brought 
into contact with the intenor glass surface on many occasions. This close-wall positIoning allowed 
resolution of the velocity profile withm the viscous sub-layer ofthe jet flow. 
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• The pendulum was shown to provIde a consIstent and sUItable calibratIon method for 
studYing the interior surface flow. 
• Wind-off measurements of the hot-wire voltage wIth decreasing normal wall 
dIstance, illustrated the extra conductive heat loss to the wall in close proximity. 
Subtracting the rise in wind-off voltage due to the wall effect from the measured 
voltages, provided a simple correction for the velocity measurements. 
• Mean velocity profiles across both the exterior and interior glass surface were fitted 
to the inner and logarithmic laws of the wall 
• The exterior data clearly fitted the logarithmic law, provldmg a least squares fit of the 
friction velocIty The fnction velocIty reduced wIth increasing streamwise dIstance, 
as the flow In the exterior duct tended towards full development 
• The interior velocity profiles were fitted mamly In the inner law, as the attachment 
region of the flow showed no logarithmIc behaviour. At the furthest downstream 
edge of the glass, the flow tended to a self-preserving wall-jet shape and dIsplayed a 
logarithmic region. 
• Turbulence mcreased with reducing normal wall dIstance. 
• The turbulence was shown to fall within the viscous sub-layer of the interior wall 
flow, although this is thought to occur due to dampmg of the heat transfer 
fluctuations from the wire and a sUItable method of correction is requIred. 
• Skewness and kurtosls measurements were used to charactenze the wall flows as 
well. The level ofkurtosis followed background work, wIth high levels in the viscous 
sub-layer and core exterior flow due to intermIttent wall turbulence 
6.1.6 DEVISING A PERFORMANCE ESTIMATE 
Combination of the steady state demistmg and IR measurements provided a useful insIght into the 
mixing properties of the implngmgjet flows. 
• The larger the impingement angle, the greater the mixing of demist flow in the 
quiescent cabin air downstream of the geometric Impingement pomt. 
• The difference between the point ofmlstmg and pOint of visIble mistmg reduces with 
increasmg bulk humIdIty 
Combination of the skin friction and IR measurements allowed a heat balance calculation through the 
glass surface and prediction of the mterior humidity level at the point ofmlstmg 
• This method was not successful, wIth the predIctIon of too much demist air near the 
interior glass surface, leading to supersaturatIOn of the interior air to achIeve mistmg 
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• The method did highlight the minor importance of radiation m the demisting process, 
however the selective emlttance of glass may complicate the process and reduce 
demlstmg performance under certam conditions 
Combination of the jet velocity decay and IR measurements created the best prediction method for 
demist performance The decay mJet outlet velocity was used as a mlxmg parameter, defining the level 
of heat and therefore, humidity exchange of the demist flow with the quiescent surroundmgs. 
6.2 SUGGESTIONS FOR FURTHER WORK 
The mist imaging technique proved its worth and ability to produce good demist contour outlines and 
more repeatable measurements than the outlining techmque, usually used m vehicle testing. Work 
should be progressed to assess the potential and prospect of Implementing the techmque for 
measurement of in-vehicle demIst contours dunng climate control tests. 
The steady state demistmg measurements illustrated aspects and nature of dIfferent jet flows that are 
normally explored using more elaborate flow measurements With such a fast and simple measurement 
technique, it would be pOSSible to assess the performance and imply the flow field changes made by 
adjusting the demist outlet design 
Several different jet configurations were studied in the demisting and IR tests The flow measurements 
reported in this work could be applied to other configurations as well, to study the change in the heat 
transfer and dependency on outlet geometry. 
The single jet flow field studied in this work, should also be examined using a 2-D hot-wire probe, to 
allow evaluation of flow direction and turbulent components The pendulum was designed to calibrate 
a directional probe at low velocity as well and so far there appears to be no literature on using a 
pendulum for such calibrations. AdditIOnal flow field measurements can only help raise the 
understanding of the demist-type jet flow, uncovered by the IR and demisting measurements. 
Temperature measurements m the attachment region of the jet flow will allow implementatIOn of a 
more accurate prediction technique, using the decay in core flow temperature to evaluate the mlxmg 
parameter in the demist flow 
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Omins. 
4 mins. 
7 mins. 
9 mins. 
10 mins. 
FIGURE I An example of a defrost experiment, usmg the demister system to melt an exterior frost layer 
on the wmdshleld The tImes are approxImate 
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FIGURE 2 A photo of typical windshield demister outlets m a road vehicle 
• 
FIGURE J A photo of the sIde window demIster In action, clearmg exterior frost - the whIte line 
highlights the bounds of the defrosted area 
l 
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FIGURE 4 Simplified sketch of a section through the flow from typical demist jet. 
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FIGURE 5 A sketch of flow vlsua!zzatlOn measurements made by Sakamoto et al In a real vehicle 
interzor 
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FIGURE 8 Water spray measurement of passing vehicles (after Mousley et al 1997) 
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FIGURE 18 2-D contours ofTSlfor the jets with an offset ratio of 4 
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FIGURE 62 InterIOr boundary layer fitted uszng Musker 's exphclt expressIOn 
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APPENDIX A: COMMISSIONING OF THE EXPERIMENTAL FACILITY 
After construction of the experimental facilIty, several experiments were used to assess the capability 
and suitabilIty of each of the air circuits. No objectives were applied, the commIssioning was rather 
used to understand the overall performance and any implications of the design on the future demIsting 
and flow measurements. 
A.I. EXTERIOR CIRCUIT FLOW UNIFORMITY 
A.l.l ApPARATUS AND METHOD 
The exterior flow was studied using a flattened PItOt probe at the exit plane of the contracting elbow 
at the upstream leading edge of the test glass location. The measurement location, PltOt tube and axis 
notation are shown in Figure A-I. The glass was removed and the Pitot traversed across the flow, with 
the tIp 25mm downstream of the exit plane of the elbow. The remotely controlled motor driven traverse 
was used, WIth a single Setra 264 pressure transducer. This transducer has a range of 50 mmH20 and 
an accuracy of 0.2 mmH20. The traverse and transducer were driven and read two PCs, WIth the data 
acquisition PC also monitoring the flow temperature in the exterior flow. The exterIor fan was run at 
full demand and the exterior chiller unit set to 16°C. As the door of the test section was open, the 
negative port of the pressure transducer was open to ambient, with the positive connected to the PItOt 
probe using tubing of2mm bore. The centre 600 by 48mm area of the exterIor duct was traversed. 
A.1.2 RESULTS AND DISCUSSION 
The measured dynamic pressure was converted to velocIty, with a calculation of density based on the 
ideal gas law, measured temperature and ambient pressure of 102 09 kN/m2• The maximum velOCIty 
m the area measured was 27.2 m/s and was used to non-dimensionahse the velocity contours shown m 
Figure A-2. The figure shows the contours at z and y coordinates non-dimensionahsed using the height 
and width of the duct respectively. 
The figure distmctly shows the wall boundary layers, with steep velocity gradients along the chequered 
and inner walls Also, two distinct higher velocity regions are shown at the top and bottom ofthe duct, 
with the divIsion below the z-axis OrIgm. This suggests two contra-rotating flow features in the duct, 
as expected in a near-rectangular duct, due to the wall effects and boundary layer growth. The lower 
velocity region between the two, is slightly deeper at the lowest y coordinate, near the chequered wall. 
-
This was expected, as the flow comes round the upstream contracting elbow from this side and the 
upstream boundary layer growth will be slightly larger due to the adverse pressure gradIent on the inner 
bend wall This Will be amplIfied by the contracting shape of the elbow, creatmg a greater adverse 
stream WIse pressure gradient. However, the flow IS attached, as expected in the deSIgn. 
A.2. DEMIST JET 
A.2.1 FLOW RATE CALIBRATION 
A 2 I I ApPARATUS AND METHOD 
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Usmg the flattened PltOt tube illustrated m Figure A-I, the dynamic pressure at the geometric centre 
of the demist jet at three different widths was measured. The probe was connected using tubmg of2mm 
bore, to the positive port of a Fumess mlcromanometer. The negative port was left open to atmosphere. 
The pressure was read from the manometer gauge, with 0.1 mmH20 graduations and mirror back. Each 
of the jets were measured at a vanety of fan settings. The open end of the Pltot tube was positioned 0.8 
of a width downstream of the jet outlet plane, ensuring measurement in the potential core of the jet 
flow. The jet was positioned to direct flow into the interior plenum, normal to the plenum wall and far 
from the test glass surface, ensuring as free flow as possible. 
Two different bypass throttle positions were used, fully shut or fully open. With the throttle fully open, 
it was expected that only 10% of the overall flow rate through the fan would pass through the demist 
jet. This would allow both accurate control of the jet velocity and temperature, as only 10% of the 
demist flow would lose heat to the interior air and glass surface dunng demisting measurements. 
Testmg with the throttle shut would allow accurate pressure probe measurements downstream of the 
jet, as the dynamiC pressure is much higher. A pendulum calIbrator would be used to calIbrate hot-
wires, to study the flow downstream of the jet with the throttle wide open. 
A 2 1 2 RESULTS AND DISCUSSION 
The measured dynamiC pressure was converted to velOCity, with the air denSity calculated using the 
ideal gas law, temperature measured using a K-type thermocouple and an ambient pressure of99.51 
kN/m2• Figure A-3 illustrates the calIbration data for three demist jet widths of 5, 10 and 20 mm, with 
the throttle open Each data set was least-squares fitted with linear functIons, of equations shown on 
the right of the figure. For the demisting measurements reported in Chapter 2, the demist circuit fan 
was set to 30 and 45 Hz, corresponding to a centre line velocities of 4 96 and 729 mls. Figure A-4 
shows the centre line velOCity variation downstream of the three jets with the throttle shut. The velocity 
is much higher as expected. 
A.2.2 FREE JET CHARACTERISTICS 
A 221 ApPARATUS AND METHOD 
Figure A-5 shows the axis convention, lookmg on the open end of the demist jet from Inside the Intenor 
plenum. The origin is the geometric centre of the outlet area at the outlet plane The jet was traversed 
using the flattened tip PltOt probe, with the motorised traverse and Setra pressure transducer as in the 
exterior duct measurements. Two planar traverses were completed, in the x-y plane at z = 0, to study 
the horizontal (minor axis) velocity distnbution and in the upper part of the x-z plane at y = 0, with z 
<= O. The jet was agam positioned to exit normal to the wall of the mtenor plenum, with the x-axIs 180 
mm from the glass surface. The jet was set to a 10mm width and the fan run at 35Hz, with the bypass 
throttle shut This produced a centre line velocity of30 mls, with a Width Reynolds' No. of20000 The 
voltage from the pressure transducer was sampled at 200Hz, with a mean dynamic pressure taken over 
2 seconds for each pomt. The demist cirCUit chiller was set to 16°C 
A 222 RESULTS AND DISCUSSION 
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Figure A-6 illustrates the downstream velocity contours in the x-z plane for the 10mm demist jet. The 
local velocity measurements have been non-dimensionallsed using the outlet velocity of 30mls. The x 
and z coordinates have been non-dimensionalised using the jet width and length respectively.There is 
very little spread in the jet flow in this plane, with the higher contours of almost rectangular shape and 
the low value contours progress1Og almost parallel to the x-axis. The 0 5 contour appears to be taking 
a parabolic shape, as the shear layers at the edges of the major aXIs start to affect the core velOCity 
region 
The velocity contours m the x-y plane are shown in Figure A-7. Both coord1Oates have been divided 
by the jet width. The flow is very symmetrical, with slight bias to the negative y directIOn, as the demist 
circuit returns air from the interior plenum near the downstream edge of the test glass, refer to Figure 
6. Figure A-8 shows the decay in centre line velocity and the expression given by Van der Hegge 
Zljnen (1958). 
This expression was applied to data taken downstream of a silt jet formed from a plate with a slot of 5 
by 100mm, pOSltloned across the open end of a 100mm Circular pIpe The slit had rounded edges and 
the flow had a Width Reynolds' No. of 13300. The data fits Van der Hegge Zijnen's expression 
extremely well, although the upstream contraction on the demist Jet is far dIfferent. 
The non-dimensional velocity profile was studied further by referencing the local velocity 
measurement to the centre line velocity at the same downstream location By plotting these 
measurements against the ratio of the lateral to the streamwise distance, a fit of the velocity profile was 
compared. Figure A-9 shows the profiles at 7 downstream locations, noted in the legend, together with 
the fit of Van der Hegge Zijnen (1958) for a Jet of the same aspect ratio. 
_707~)2 
e 
Although the data is a little sparse, the trend follows the above Gausslan error functIOn very well. ThiS 
and the decay in centre line velOCity, is indicatIve of the quality of the flow emanat10g from the demist 
jet and shows the success in the deSign of the facility. 
A.3. GENERAL PERFORMANCE 
A.3.1 INTERIOR TEMPERATURE PROFILE 
A 3 1 1 BAFFLE PLATE SE1TING 
The exterior and demist jet produce flows that can be measured qUIte easIly using a pressure probe. 
However, the interior plenum has very slow mov1Og aIr, driven by two opposing inlets at the top and 
bottom of the test sectIOn. The inlets of the Interior plenum are covered WIth adjustable baffle plates, 
as sketched in Figure A-I O. The design of the ducting to the test section, caused a difference m the flow 
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rate between the two inlets of the test section To correct for this, the two baffle plates were adjusted 
to mcrease or decrease the distance between the plate and the rounded inlet. Each baffle had four static 
pressure tappings. The pressure difference between the correspondmg pressure tapping in the top and 
bottom baffle plate was measured using a differential micromanometer This pressure difference was 
set to zero at maximum fan demand, by adjusting the plate position The bias in flow to the higher inlet, 
caused the upper baffle plate to be set to 15mm from the inlet, and the lower to 65mm from the inlet 
The higher pressure drop in the upper mlet, equalised the incomIng flow rates. 
A 3 12 TEMPERATURE TRAVERSE 
As a further check on the equahty m mcoming flow rate between the upper and lower mlets, a 
temperature traverse was conducted in the test section, using a K-type thermocouple probe attached to 
the traverse mechanism. A y-z plane was traversed, at x = 190mm, with the aXIS origin at the 
intersection of the horizontal glass surface centre lIne with the demist jet Inlet wall. With the test glass 
in the facility, the exterior fan was set to 60% demand, the extenor chiller set to ooe, the mterior heater 
set to 45°e and the interior fan set at full demand This ensured an extreme running condition, to 
emphasise any non-uniformity in the interior flow. The demist jet was sealed to the interior plenum. 
Figure A-II illustrates the temperature distnbution in the intenor test section, within 50mm of the 
glass surface. The local temperature was non-dimensionalised using the surface and bulk interior 
temperature. 
The figure clearly demonstrates the heat loss from the Intenor air to the glass surface, as the 
temperature contours reduce in magmtude as y reduces. Although the baffles were set to try and ensure 
equal flow rate from the two inlets, the upper half of the test section appears to be shghtly warmer. 
With the baffles set by ensuring equal surface pressure on the impinging plate surface, the mcoming 
flow rate should be split evenly The asymmetry in the contours, is suspected to be due to buoyancy 
forces actmg on the interior air flow. Smce all the measurements were to feature the driven air flow 
from the demist jet, this interior air asymmetry is assumed to cause negligible effect on the demisting, 
heat transfer and flow field measurements in the work. 
A.3.2 SET-POINT CONTROL 
The air conditiomng unit was engIneered to provide the best possible control of the set-point 
temperatures in all three air supplies. To confirm thiS, a Simple test was earned out, by sampling a time 
history of the test section temperatures under two different conditIons The demist jet was set to 25° 
impmgement angle, with a Width of 10 mm and an offset ratio of 12. Figure A-12 Illustrates the 
measurements of extenor, intenor and demist air temperatures, using the combIned temperature and 
humidity probes mounted in each respected plenum chamber. The output voltages from the 
temperature probes were sampled at 100Hz, with an average taken over I second. ThiS was repeated 
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at 30 second mtervals to produce the time hlstorzes The numbers m parentheses in the figure sigmfy 
the set-point condition and axis. 
condition cIrcuit temperature fan set-pomt 
set-pomt 
1 extenor 271 32% 
interior 282 20% 
demist lab 60% 
2 exterior 282 32% 
interior lab 20% 
demIst 313 60% 
TABLE A I Test conditIOns 
Table A.I presents the set-point conditions applied to the chIllers and I or heaters and fan units. 
Examining the time histories of both the exterior temperatures, the on I off thermostatic control of the 
chIller water temperature IS clearly VIsible as the slight saw tooth on the asymptotIc parts of the time 
historzes The maximum range in thIS region is 05K The mterior temperature shows a simIlar 
characteristic for the first condItIOn, although the range is larger, due to the lower flow rate through the 
test section. For condition 1, the demist temperature is constant throughout Although, the demist 
circuit chiller or heater unit was not used for this condition, there is no perceived heat loss to the cooler 
interior air, probably due to slight compensation in heat gam due to pressure losses in the circuit. 
Indeed, for condition 2, the interior aIr temperature was uncontrolled and rose steadIly through the test, 
due to heatmg from the warmer demist aIr The time hIstories illustrate a requIred warm-up (cool-
down) time of at least 1 hour, for the extenor and interior temperature to reach a steady state condItIon. 
The demist air reqUIres a longer warm-up, although thIS can be shortened by mcreasing the fan speed 
to full demand. 
A.3.3 TEST TEMPERA TURE TRAVERSE 
Durzng the commissiomng, a SImple temperature traverse was made WIth a single un calibrated K-type 
thermocouple, in an impinging demist air flow. The demIst Jet was set to 25° Impingement, 10 mm 
width and an offset ratIo of 12. The thermocouple was traversed in the horizontal centre plane of the 
test section (z = 0). 
condItIOn mean value 
Te 2676 
T, 283.7 
Td 3095 
T" 277.2 
exterior fan 32% 
interior fan 20% 
demist fan 100% 
TABLE A Il Test condItIOns 
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All the temperatures in the test section were sampled at 100Hz and averaged over 4 seconds, with each 
recorded at each measurement point in the traverse. This allowed non-dimenslOnahsation of the 
traverse temperature, to account for the thermostatic variation in the mean temperatures. Figure A-13 
shows the non-dimensional temperatures measured through the test section, calculated using the 
following expression 
The arrow in the figure shows the direction of the demist jet aXIS. The above expression excluded the 
interior mean temperature, therefore the contours are slightly variable and have wiggly outlmes, due 
to the thermostatic variation in this temperature For the mean values given m the table, the non-
dimensional temperature would have a mean value of 0.20, far from the demist air flow where the 
temperature is equal to that of the interior air. The figure quite clearly shows the increasing fluid 
temperature upstream of the geometric impingement of the jet axiS With the glass surface, as expected 
from the premature attachment of the flow, due to the Coanda effect Also, the growth m the thermal 
boundary layer downstream of attachment IS shown by the direction of the 0 19 contour, slowly 
moving away from the glass surface. Outside the jet flow, the contour values tend to 0 2 as expected. 
It must be noted, that this test was purely preliminary, only to act as an mdlcation of the correct 
operation ofthe facility. For more accurate measurements, the thermocouple would require calibratIon, 
along with more accurate traverse positiomng. 
A.4. SUMMARY 
• The exterior circuit has flow non-uniformity, in a manner expected downstream of an 
slender rectangular corner. The maximum non-uniformity outside the influence of the 
wall boundary layers is typically 4% of the maximum velocity. 
• For the 10mm Wide demist jet setting, the emanating free flow has characteristiCS that 
match those measured by Van der Hegge Zljnen (1958) for a similar slit Jet of 20 
aspect ratio. The minor axis Jet spread can be modelled by a simple Gaussian error 
function and the centre line velocity decay follows a simple function in terms of the 
downstream distance 
• The interior plenum baffle plates were-set by ensurmg equal surface pressure on their 
impinging surfaces, although thiS was expected to equalise the incoming flow rates 
through each inlet, subsequent temperature measurements in a vertical plane near the 
glass surface, suggested otherwise. However, the temperature measurements were 
affected by buoyancy driven flows, given the low volume flow rate and cross-
sectional area of the plenum. Ultimately, this slight bias in the interIor flow 
umformity, was expected to cause minimal effect on the demist jet flow and 
subsequent demisting and heat transfer measurements 
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• By analysing the time hIstory of the temperature 10 each of three aIr supplIes, the air 
conditioning system was shown to provide accurate set-point temperature control, 
with slight saw-tooth variation of typically O.SK range, due to thermostatIc control of 
the chIller or heater units. 
• A simple temperature traverse showed the tendency of Impinging demist jet flow, to 
warm the air upstream of the geometric Impingement point and illustrated the 
successful operation of the faCIlIty 10 a typical realIstIC heat transfer situatIon. 
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ApPENDIX B: SOFTWARE DESCRIPTION AND ALGORITHMS 
To understand the process and thought applIed to the experiments, both in acquisitIOn and processing, 
the following sectIOns detail the sequence in each algorithm applied In custom written software to the 
measurements. 
B.1. FROM GREY SCALE IMAGES TO CONTOURS PLOTS 
1. Prior to misting the glass surface, a clear image was taken through the test glass of the chequered 
background. This is shown in inset a of Figure A-14. NB the grey scale images have been 
converted to black and white for printing ease. 
2. The area to be processed was selected using some custom written software, by outlining a 
rectangle on the image in a window - inset b of Figure A-14 
3. By indicating the lens distortion type, whether barrel or pincushion, the software tracked across 
the selected area, a row at a tIme and repeated a column at a time, and calculated the no of 
chequered squares contained within the selected area. The outer profile of the selected area was 
assumed to take a quadratic profile, due to the distortion, and the software corrected the outlIne to 
take this into account. By analysing the change in grey scale level when tracking along a row or 
column, the edge of each square was extracted. This was shown to the user, with each square 
corner highlighted - inset c. 
4. To simplify the process, only a rectangular area was extracted from each distorted square area, 
therefore, the boundary of each rectangle was slightly inside each square After calculation this 
was displayed to the user - Inset d. 
5 A processed Image was derived using the mean plxel value of 8 surrounding rectangles from a 
given point in the image For a clear chequered image, this produced a mid-grey processed image 
of the background - inset e. 
6. The above process was applied to every image taken during a demisting test, with the coordinates 
of the rectangles given in inset d of Figure A-14, stored in a data file. This processing reqUired 
very little memory, as the resulting processed image was only one plxel per processed rectangle. 
Each processed demisting image was subtracted from the clear image, and divided by the clear 
image. By thresholding the result to 095, the resulting binary image highlighted the demisted 
region on the glass surface. Figure A-15 shows a single demisting Image of the glass - inset a and 
the resulting binary image created by comparison with the clear Image in this way - inset b. 
7. These binary images were averaged during a steady test-point. An outline of the averaged image 
was extracted by applying a directional filter to the image and the pixel coordinates of the outline 
were then converted to actual cartesian coordinates on the glass surface The outline coordinates 
of all the test points were input to a graphical plotting package, Tecplot, and converted to a single 
2-D contour plot in interior humidity. 
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B.2. FROM IR IMAGES TO CONTOUR PLOTS 
I. Using the IR processing package combmed wIth the manufacturer's acquisItIOn software, the glass 
area was extracted from the acquired IR image, by outlIning the glass edge m the software 
window. 
2. The area extracted was saved to a data file, with the surface temperatures saved to 0.1 K in a row 
and column format as laid out on the image. For the measurements In this work, the glass was 
imaged by 169 x 167 plxel area 
3. The resulting data file was converted into an JJ ordered format for plottmg in Tecplot, using the 
measured coordinates of the glass surface with respect to the demist jet exit. On the left of Figure 
A-16 is a contour plot of the raw data for a single demist geometry taken durmg the steady state 
tests. 
4. The raw data was passed through a smoothing filter, to reduce the fluctuations m the temperature 
contours due to digital quantization. This had a similar effect to dither on data acquisition systems. 
The smoothing filter was applied 10 times to each image - the result for the raw data shown in 
Figure A-16 is presented on the right of the figure. 
5 The 169 x 167 IJ format data was reduced to a 50 x 50 data set, by creatmg a new mesh m Tecplot 
and using the kriging interpolation algorithm to generate the new surface temperature contours 
B.3. STEADY STATE DEMISTING DATA AND IMAGE ACQUISITION 
I. After the experimental facility has reached a steady thermal condition and a clear image of the 
glass has been processed and stored, the data and image acquIsitIOn software for the steady state 
demisting measurements is started. 
2. The file name of the data file containing the pixel coordinates of each of the rectangles to form the 
processed Image is entered into the software. 
3. The clear image and a SUItable data file names are entered as well. 
4 The software starts and takes a single image from the camera of the chequered background viewed 
through the test glass. 
5. All the air supply temperatures and humldities are sampled, by converting the output voltages of 
the combined temperature and humidity probes and thermocouples. The data acquIsition deVice 
was sampled at 100Hz, with mean values taken over I second The deVIce also featured cold 
junction compensation, for direct measurement of the thermocouple voltages and conversion to 
tern perature. 
6. A check on the fan state and required demand is made, with adjustments to the fan speed if 
changed by the user. 
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7. The raw grey scale image is also dIsplayed along with the mean condItions. 
8. If the interior humidity has reached a steady level, with the glass partIally misted and demisted, the 
image processing section is turned on. This processes each grey scale image using the same 
routIne applIed to the clear image to form the binary Image similar to that shown in Figure A-IS. 
9 The loop is repeated from 4, if the processing software is in progress, 30 successIve images are 
used to form the average binary image for that humidity level. The image and the indIvidual 
temperatures and humidity levels for each repeat are stored In the data file 
B.4. OPTIMIZATION OF KING'S LAW FROM PENDULUM SWINGS 
1. The names of the repeat sets of swing data files, containing the time histories of swing angle and 
hot-wire voltage, were entered into the processIng software. 
2. The software reordered the data files to chronological order, to ease result vIewing and knowledge 
of any errors in the SWIngs. 
3. TakIng each data file in turn, an initial guess was applied for the time period of the SWIng, A, B 
and n for King's Law. For the measurements reported here, these were typically 1.7, 1.8,06 and 
0.5 respectively. 
4 The maximum swing angle was calculated by searching through the tIme hIstory of the swing 
angle. 
5. Taking the swing angle time history only, the time period of the swing was calculated by 
minimizing the square of error between the measured SWIng angle and that calculated usmg the 
following expression: 
e = eSin(2;t) 
6. A variable metric minimization routine was used to calculate the time period in the above 
expression - namely the Broyden-Fletcher-Goldfarb-Shanno variant of the Davidon-Fletcher-
Powell routIne as detailed in Press et al. (1996) The functIon gradIents were calculated usmg a 
central differencing method. 
7. The tIme history of velOCIty was calculated using an analytIc differential of the above expression 
and the radius of the pendulum calibrator: 
U = er = er(2;)cos(2;t) 
8. The resulting simultaneous time hIstories of velocity and voltage were truncated to the maximum 
and minimum velocities entered by the used in the software. This removed any unwanted effects 
at the end of the swing due to free convection for example. 
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9. The hot-wire voltage at each point in the time hIstory was converted to the basic bridge voltage, by 
numerically reversing the offset and gain applied in the signal conditioner to maxImise acqUISItion 
resolution. 
10.The coefficients of King's Law were derived by applying the same variable metric method as used 
before, but to the three unknown coefficients of King's Law, by minimizing the following error 
function: 
_ N [ (E2 _A)m]2 
E - '" u- --
U £.. B 
1 
11.The time period, sum of the error squared in angle, Kmg's Law coeffiCIents, sum of the error m 
velocity, maximum voltage and mmimum velOCIty were appended to an output data file 
12.This process was applied to each set of swing data. 
13. Working between the lowest maxImum voltage and highest minimum voltage recorded from the 
repeat swmgs, a voltage vs. velocity data set of 100 points was reconstructed using the mdividual 
King's Law coefficient sets 
14.This combined data set, containing re-evaluated points from the result of each swing, was passed 
back through the minimIzation routine, to evaluate the overall King's Law coefficients, using the 
same error function m velocity as before. 
15 The overall King's Law fit was saved In a separate data file, along WIth the standard deviation in 
velocity at each voltage point consIdered - based on the mdivldual swmg King's Law fits 
NB. For display purposes, the data presented in the core of the theses, examining the sensittvity of the 
King's Law fit, used all the data taken during cahbration to form an overall fit entered in a spreadsheet. 
A simIlar variable metric routine was used to minimize a normalised error in velocity as descnbed In 
the main text. 
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ApPENDIX C: NUMERICAL FITS AND APPROXIMATIONS 
C.l. CONFIDENCE AND ERROR 
Error bounds presented through the main text were calculated using the 95% confidence intervals, 
based on Student's t-distribution. Th,s distribution is particularly suited to small degrees of freedom 
analysis, as in this case, where the largest studied was 20. The 95% confidence interval was calculated 
using the t-value and the standard deviation of the error distnbutlOn 
C.2. PSYCHROMETRlC MODEL FOR MIXTURE OF DRY AIR AND WATER VAPOUR 
A psychrometrtc model was derived from a fit of saturation data for dry air and water vapour, as gIven 
In tables by Stoecker and Jones (1986). Several different polynomial fits were tried. Figure A-18 
illustrates the percentage error In each of the fits against dry bulb temperature, with the fit coefficients 
detailed in Table A.III. The error was calculated using: 
range in T dep max no ao QI a2 aJ a4 as var £(%) 
1 253 to 363 p 2428.3 -3667.8 2084.4 -528.55 50.489 9.55 
2 253 to 363 In(p) -249.58 28385 -124.77 25080 -1.9127 1.26 
3 253 to 363 In(p) -56689 80890 -471.04 13885 -20536 1.2150 1.48 
4 253 to 273 In(p) -75506 57696 -15.095 1.4740 0.20 
4 273 to 363 In(p) -53 867 36671 -80327 064481 020 
TABLE A III Trzed polynomzal fits 
The first method used a straight polynomial fit of the saturation pressure against the dry bulb 
temperature dIvided by 100. This had the largest errors, particularly at the highest temperatures of up 
to 9.5%. Two further fits were tried, using the naturallogarlthm of the saturation pressure. The errors 
are much smaller, with the maximum error less than 1.5%. The smallest errors were for the split range 
fit, uSing a cubic polynomial In tems ofTIlOO. Splitting the range about 273K, the maxImum error in 
each range was 0.2%. This model of the saturation line was used in the mixing parameter calculations. 
C.3. VISCOSITY AND THERMAL CONDUCTIVITY 
CalculatIOns for the mIxing parameter and logarithmic law, used Sutherland's empirical law for 
evaluating the viSCOSIty of air (WhIte 1994) The Ideal gas law was used to calculate the aIr density, at 
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the measured temperature and pressure By substituting the ideal gas law into Sutherland's law, the 
following expression was used to evaluate the kmematic viscosity. 
v = (lloRTI2)(To + S) 
-fll2 T+S 
o Pa 
where Ilo~ 1.71x10·5 Ns/m2, To~ 273.15 K, R ~ 287 J/kgK, S ~ 110 4K. The thermal conductivity of 
air was calculated using a cubiC polynomial fit of values given by Rogers and Mayhew (1974) 
The trend in percentage error between the Sutherland law and values of kmematic VISCOSity at a 
pressure of 101.33 kN/m2 given by White (1994), against temperature is shown in Figure A-19, along 
with the percentage error trend in the polynomial fit of conductivity. In the temperature range 
considered in this work, the maximum error given by the Sutherland law is typically 04% The fit of 
thermal conductivity gives a maximum error of 0 15% within the studied temperature range. 
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FIGUREA-12 T,me historzes of the three aIr supply temperatures after sWItch on 
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FIGURE A-I3 Test temperature traverse In the Impmgmg demist flow near the glass surface 
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FIGURE A-15 Single demisted image and correspondmg binary processed image 
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FIGURE A-16 Smoothmgfilter applzed to the raw IR data 
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